RESTORATION OF TALL FESCUE PASTURES TO NATIVE WARM SEASON GRASSLANDS: DOES A FUNGAL ENDOPHYTE SYMBIOSIS PLAY A ROLE IN RESTORATION SUCCESS? by Hall, Sarah Lynn
University of Kentucky 
UKnowledge 
University of Kentucky Doctoral Dissertations Graduate School 
2011 
RESTORATION OF TALL FESCUE PASTURES TO NATIVE WARM 
SEASON GRASSLANDS: DOES A FUNGAL ENDOPHYTE 
SYMBIOSIS PLAY A ROLE IN RESTORATION SUCCESS? 
Sarah Lynn Hall 
University of Kentucky, shall@chpl.net 
Right click to open a feedback form in a new tab to let us know how this document benefits you. 
Recommended Citation 
Hall, Sarah Lynn, "RESTORATION OF TALL FESCUE PASTURES TO NATIVE WARM SEASON GRASSLANDS: 
DOES A FUNGAL ENDOPHYTE SYMBIOSIS PLAY A ROLE IN RESTORATION SUCCESS?" (2011). University 
of Kentucky Doctoral Dissertations. 196. 
https://uknowledge.uky.edu/gradschool_diss/196 
This Dissertation is brought to you for free and open access by the Graduate School at UKnowledge. It has been 
accepted for inclusion in University of Kentucky Doctoral Dissertations by an authorized administrator of 
UKnowledge. For more information, please contact UKnowledge@lsv.uky.edu. 
 
 
 
 
 
 
 
 
 
ABSTRACT OF DISSERTATION 
 
 
 
Sarah Lynn Hall 
 
 
 
 
 
 
The Graduate School 
University of Kentucky 
2011 
 
 
 
 
 
 
 
 
 
 
 
RESTORATION OF TALL FESCUE PASTURES TO NATIVE WARM SEASON 
GRASSLANDS: DOES A FUNGAL ENDOPHYTE SYMBIOSIS PLAY A ROLE IN 
RESTORATION SUCCESS? 
 
 
 
 
ABSTRACT OF DISSERTATION 
 
 
A dissertation submitted in partial fulfillment of the                                  
requirements for the degree of Doctor of Philosophy in the                                    
College of Agriculture at the University of Kentucky 
By 
Sarah Lynn Hall 
 
Lexington, Kentucky 
Co-Directors: Dr. Rebecca McCulley, Assistant Professor 
and                Dr. Timothy Phillips, Associate Professor 
Lexington, Kentucky 
2011 
Copyright © Sarah Lynn Hall 2011  
 
 
 
 
 
 
 
 
 
ABSTRACT OF DISSERTATION 
 
 
RESTORATION OF TALL FESCUE PASTURES TO NATIVE WARM SEASON 
GRASSLANDS: DOES A FUNGAL ENDOPHYTE SYMBIOSIS PLAY A ROLE IN 
RESTORATION SUCCESS? 
Tall fescue, a cool-season grass native to Europe, central Asia, and 
northern Africa, has been widely distributed throughout the U.S. for use as turf 
and forage. Following its widespread planting, its ability to associate with a toxic 
fungal endophyte, Neotyphodium coenophialum, was discovered. Research has 
linked this fescue-endophyte association with increased biotic and abiotic stress 
resistance in endophyte-infected (E+) versus endophyte-free (E-) plants, and 
these differences may affect the ability of land managers to eradicate tall fescue 
and restore native grasslands. I conducted three studies to examine whether E+ 
tall fescue plants respond differently to management than E- plants, and whether 
the success of planted native species might be impacted via indirect soil effects. 
My overall hypotheses were that E+ plants would recover from 
restoration/eradication efforts better than E- plants, and that E+ fescue would 
reduce microbial symbionts in the soil needed by planted native species.  
I first conducted a field study of a tall fescue pasture consisting of four 
sub-units being restored with different combinations of prescribed burns and/or 
herbicide applications, as well as an unmanaged control. I found no evidence of 
E+ plants preferentially surviving restoration management; however this field 
had unusually low endophyte infection rates to begin with. The second study 
was a greenhouse experiment in which I measured growth of E+ and E- plants 
exposed to different watering regimes (wet, dry) and prescribed burn treatments 
(none, one, or two burns). Watering regime significantly affected all measured 
growth parameters (wet>dry), but few endophyte effects were found and when 
present were opposite the hypothesis (E->E+). All burned plants quickly re-grew 
 
 
tiller lengths comparable to the unburned control, with recovery occurring faster 
following the second burn compared to the first. My final study examined 
growth and arbuscular mycorrhizal colonization of native species planted by 
seed into soil from beneath E+ and E- tall fescue. I observed few differences in 
mycorrhizal colonization or biomass for seedlings between soil from E+ and E- 
tall fescue. Taken together, my results indicate endophyte status of tall fescue 
pastures being restored to native grassland species may not be important in 
governing restoration success.   
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Chapter One 
Introduction to Tall Fescue and Native Grassland Restoration 
 
Natural History of Grasslands in Eastern North America & Kentucky 
Grasslands are broadly defined as communities dominated by members of 
the Poaceae (with woody species largely absent) and are widespread throughout 
the world, covering approximately 40% of Earth‟s land cover (GRN Undated). 
Unlike prairies in the western U.S., which may often represent successional 
“climax” status due to water limitations, grasslands in the eastern U.S. have been 
considered “subclimax” successional stages, that largely depend on disturbance 
for their maintenance, without which they quickly succeed to forest (Weaver & 
Clements 1929). The presence of grassland in the central U.S. has long been 
explored by ecologists, with the earliest seminal work being Henry Gleason‟s 
“The Vegetational History of the Middle West” (1922). Edgar Transeau (1935) 
presented a vegetation distribution map of the so-called “prairie peninsula” in 
the eastern U.S. (Fig. 1.1), depicting the distribution of grassland in the region at 
the time of European settlement. He also presented a list of factors that should be 
included in any explanation of how and why the vegetation got established and 
persisted in these areas. These factors include the fact that the entire region was 
forested prior to the establishment of these prairies, that the dominant grasses 
could outcompete woody seedlings once established in the region, and that 
humans have played a role in the region for quite some time. Others have also 
explored the historical pattern of grassland cover in the eastern U.S. (e.g. Dicken 
1935; Küchler 1964), and we now understand that grassland distribution in the 
region depends on a number of ecological variables, including severity of 
droughts, frequency of dry seasons, and both human and lightning-ignited fires 
(Chagnon et al. 2002). The degree to which each of these contributes to the 
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dominance of grassland vegetation at a given site varies, and other factors may 
be important as well, including soil properties and the presence of large 
mammalian grazers. 
 Within the state of Kentucky, grasslands are believed to have covered 
6,000-10,000 km2 at the time of European settlement (Jones 2005). They occurred 
primarily in the “Big Barrens Region” of west central Kentucky (Baskin et al. 
1999), which appears as the isolated half-circle in Kentucky in Transeau‟s map 
(Fig. 1.1), and also corresponds with the Dripping Springs Escarpment 
geologically (USGS 1981). Clearly edaphic characteristics of this region play a 
role in maintaining grassland communities in this area today, with changes in 
underlying bedrock and soil depth driving differentiation of vegetation into deep 
soil barrens, xeric limestone prairies, and limestone cedar glades (Baskin & 
Baskin 1975; Lawless et al. 2004). Examination of pollen data from Jackson Pond 
in LaRue County indicated a large increase in grasses approximately 2,000 years 
BP (Wilkins et al. 1991), prior to which forested vegetation dominated. Historical 
accounts in written documents from the late 18th and early 19th century provide 
evidence of this region existing as grasslands when many European settlers 
arrived in the area (Baskin et al. 1994). Within this region, fire has undoubtedly 
played an important role in creating and maintaining grasslands, and is believed 
to have been used prior to European settlement by Native Americans (Baskin et 
al. 1999). In the central Bluegrass region of Kentucky, evidence of grass-
dominated communities in the form of “woodland savanna” existed at the time 
of settlement (see Jones 2005 for a review; Fig 1.2). Recent evidence, however, 
suggests this region was mostly forested, with savanna openings created by 
removal of woody stems during and shortly following the first wave of 
European settlement, circa 1800 (McEwan & McCarthy 2008). Thus, the so-called 
“savannas” of the inner bluegrass region (Fig. 1.2) have a much more recent 
origin compared to the grasslands of the Big Barrens region.  
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 Regardless of the specific conditions under which native grasslands 
originated in the eastern U.S. and within Kentucky, they have largely undergone 
drastic reductions within this range, as changes in disturbance regimes and land 
use have altered the distribution of this vegetation. Fire has clearly played an 
important role in maintenance of these systems throughout the region, and 
widespread fire suppression in the last 50 (Ruffner & Groninger 2006) to 100 
(Augustine & Milchunas 2009) years has led to forest succession of many native 
grasslands. Agricultural use of areas once classified as native grasslands is 
widespread, with conversion to row crops and/or pasture responsible for huge 
losses in acreage (Barnes 2007). The removal and/or loss of mammalian 
herbivores that once played an important role in maintenance of the grasslands 
(DeSelm 1994), most notably bison (Samson & Knopf 1994), has eliminated the 
regular and widespread grazing history of the entire region, including Kentucky. 
Smaller mammals also serve important roles in grassland systems (Samson & 
Knopf 1994; Davidson et al. 2010) and have largely been reduced in number as 
well (Davidson et al. 2010). Finally, development of land (for houses, roads, 
shopping centers, etc.) has eliminated many patches of native grassland that 
remained, and invasion by non-native species has reduced species diversity of 
the remnant grasslands as well. Estimates of loss of native grasslands in North 
America as a whole since European settlement are as high as 99.9%, and in each 
state that historically had these communities, none to less than 1% of what 
remains is protected by public or private agencies (Samson & Knopf 1994). In 
Kentucky, no pre-settlement barrens exist today (Chester et al. 1997), and many 
of the high quality native grassland communities that do exist are xeric limestone 
prairies believed to have originated after European settlement (Baskin et al. 
1994).  
Where high quality native grasslands do exist in the eastern U.S., they are 
often highly prized for the ecosystem services they provide. Grasslands are 
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important habitat for a wide variety of animals, including insects (e.g. 
Kutschbach-Brohl et al. 2010; Vogel et al. 2010; Hall & Barney 2010), birds (e.g. 
Stanley 2010; Fisher & Davis 2011; Vos & Ribic 2011), and mammals (Grant & 
Birney 1979; e.g. Fuhlendorf et al. 2010; Richardson 2010). They also harbor a 
number of rare plant and animal species (Samson & Knopf 1994), serving as 
important reservoirs of biodiversity. Grasslands in Kentucky serve as home to 22 
state-listed and two federally-listed (Helianthus eggertii and Solidago shortii) plant 
species (Jones 2005). Native grasslands can also be used effectively as rangelands 
managed for agricultural animal production (Masters et al. 1992; Sheley et al. 
2006), and they sequester large amounts of carbon belowground (McCulley et al. 
2005), which may help to offset some of the human-derived increases in 
atmospheric CO2 concentrations. Increasingly, the value and benefits of native 
grasslands are being recognized, and land managers are working to restore areas 
no longer inhabited by native grassland species. 
Grassland Restoration Efforts 
 In the state of Kentucky, the vegetative condition of areas targeted for 
native grassland restoration can vary significantly. Most often, land managers or 
farmers are starting off with pasture or cultivated fields. In the case of 
Kentucky‟s best current example of barrens vegetation (Ft. Campbell Military 
Reservation), at the time when the army took over the area and restoration began 
(1942), all non-forested land was being used for either row crops or as pasture. In 
order to achieve an open landscape for military operations, the army conducted 
periodic prescribed burns and/or bushhogging, which restored many native 
grassland species to the area (Chester et al. 1997). In other cases, land managers 
may be restoring grassland in areas that are at some successional gradient 
towards hardwood forest, which across the eastern U.S. typically begins with 
establishment of eastern redcedar (Juniperus virginiana L.). This early successional 
species has a number of impacts on native grassland flora (Rhoades & Shea 2003; 
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Limb et al. 2010) and soil characteristics (Rhoades & Shea 2003), and is often 
considered invasive in this context (Rhoades et al. 2005; Pierce & Reich 2010).  
 The term “restoration” has many different interpretations, but in my 
dissertation, I will use it to mean simply the establishment and/or maintenance 
of a desired plant community type. This is the same interpretation used by the 
Society for Ecological Restoration (2004), who define ecological restoration as “an 
intentional activity that initiates or accelerates the recovery of an ecosystem with 
respect to its health, integrity and sustainability.” The goals of native grassland 
restoration vary depending on the characteristics of a given site, but may include 
one or more of the following: eliminating woody stems/species, eliminating 
established non-native species, encouraging existing native grassland species, or 
establishing new native grassland species from seed. Common approaches to 
achieve these goals include the use of prescribed fire, mechanical removal of 
woody stems, selective herbicide use on woody stems, broad-spectrum or 
selective herbicide application on non-native grasses, and no-till seeding of 
native species (Washburn et al. 1999; Washburn et al. 2002; Barnes 2004; Harper 
et al. 2004; Barnes 2007).  
 Within the past 10-20 years, interest in grassland restoration has increased 
dramatically, accompanying the introduction of some federal cost-share (Farm 
Bill) programs aimed at improving soil and water quality providing assistance 
via grassland restoration. The Conservation Reserve Program (CRP) started as 
part of the 1985 Farm Bill, and has resulted in approximately 14.8 million ha of 
erodible cropland being planted to grassland species (Lindstrom et al. 1994), 
including 122,000 ha in Kentucky (Jones-Farrand et al. 2007). The state Natural 
Resource Conservation Service‟s WHIP (Wildlife Habitat Incentives Program) 
Program, which started in 1998, has resulted in over 4,100 ha of native grass/forb 
establishment and management in Kentucky (USDA NRCS 2006). Other 
programs that have provided assistance in grassland restoration (along with 
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other conservation measures) include the Grasslands Reserve Program (GRP) 
and the Landowner Incentive Program (LIP). These programs as a whole have 
clearly resulted in the alteration of land use in the U.S. and Kentucky, but a lack 
of ecological research to assess the outcomes of these programs has been 
identified (Kindscher & Tieszen 1998).  
Federal agencies including the Bureau of Land Management, the U.S. 
Forest Service, the U.S. Fish and Wildlife Service, and the National Park Service 
have also increased their management efforts explicitly aimed at restoring the 
lands they manage to native grasslands (e.g. US Forest Service Interim Directive 
2020-2010-1 “Ecological Restoration and Resilience”). In Kentucky, the “Oak-
Grassland Restoration Demonstration Area Project” (LBL Undated) within the 
Land Between the Lakes is one such recent project developed to establish native 
grasslands with the use of different management strategies, including repeated 
prescribed fire as a cornerstone. In addition to federal agencies, numerous non-
profits and state agencies take part in grassland restoration efforts in the U.S. Of 
note is The Nature Conservancy, which owns and manages land, but also helps 
private landowners achieve restoration goals by providing personnel and 
equipment to aid in restoration management, including federal and state cost-
share programs. Within Kentucky, the State Nature Preserves Commission 
manages a number of grassland preserves, and the Department of Fish and 
Wildlife Resources manages a number of properties, and like The Nature 
Conservancy, also provides assistance to private landowners in the form of labor 
and equipment.   
How Does Tall Fescue Factor into Native Grassland Restorations? 
 When pasture vegetation is targeted for native grassland restoration in the 
eastern U.S., tall fescue [Schedonorus phoenix (Scop.) Holub (syn. Lolium 
arundinaceum (Schreb. S.J. Darbyshire); Festuca arundinacea Schreb)] is very likely 
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the dominant plant species. Tall fescue is a non-native C3 grass species, 
introduced in the late 1800‟s, which now covers 14 million ha in the United 
States, with its adapted range being the entire eastern U.S. and areas within the 
Pacific Northwest (Ball et al. 1993). The variety “Kentucky 31” is the 
predominant tall fescue in the landscape.  This variety was collected in 1931 and 
released in 1942 and has been widely adopted and utilized as a forage, turfgrass, 
and for erosion control (Lacefield & Henning 1986; Henson & Safley 2009). This 
grass covers 2.2 million ha in Kentucky (Lacefield et al. 2003), including many 
areas once dominated by native grassland (e.g. Warfield Barren, Baskin et al. 
1999). In 1973, the difference in animal performance between two adjacent tall 
fescue pastures in Georgia-- one causing problems for the cattle grazing it, and 
the other not – triggered extensive research as to the cause. It was discovered that 
a fungal endophyte was present at very high levels in plants of the pasture 
causing cattle problems, while it was present at low levels (~10%) in the pasture 
not causing cattle problems (Ball et al. 1993). This fungal endophyte, 
Neotyphodium coenophialum (Latch, Christensen and Samuels) Glenn, Bacon and 
Hanlin (syn. Acremonium coenophialum (Morgan-Jones and Gams); Epichloë 
typhina (Fries) Tulasne), was subsequently identified as the primary cause of a 
suite of problematic symptoms in livestock.  This fungus produces several toxic 
alkaloid compounds that create symptoms such as rough hair coats, intolerance 
to heat, poor weight gain, fat necrosis, and gangrenous conditions in extremities 
for cattle (collectively termed “fescue toxicosis”), aborted fetuses, weak foals, or 
low milk production in mares, and low weight gain or milk production in sheep 
(Ball et al. 1993).  
The genus Neotyphodium has been assigned to the asexual forms of fungi 
in the same group as Epichloë, which are commonly found in association with 
grasses (Schardl et al. 2004).  Neotyphodium endophytes are considered more 
mutualistic than sexually reproductive fungal endophytes, and are thought to be 
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responsible for providing many benefits to host plants including anti-herbivory 
(insects & vertebrates) and anti-nematode properties, and increased drought 
tolerance and nutrient status (Schardl et al. 2004). The tall fescue-N. coenophialum 
symbiosis is considered mutualistic (Latch 1993), with the benefits of infection 
outweighing any physiological cost to the plant. Transmission of N. coenophialum 
is imperfect and vertical (mother plant-to- seeds), and  infected host plants have 
been measured to yield seeds that are  81-91% infected depending on the 
maturity of the seed (Hill et al. 2005). In other grass species with Neotyphodium 
endophytes, transmission rates have been measured at 70-100% (Afkhami & 
Rudgers 2008), 88 and 96% (Gundel et al. 2009), and 68% (Canals et al. 2008). Due 
to the asexual lifecycle of Neotyphodium, long-term persistence and spread of the 
fungus relies on persistence and reproduction of its host plants. Thus factors that 
alter the competitive ability of endophyte-infected (E+) tall fescue compared to 
endophyte-free (E-) tall fescue could change the endophyte infection frequency 
(EIF) in a given stand over time. 
When endophyte infection frequencies have been measured throughout 
the range of tall fescue in the United States (4,500 samples from 30 states), the 
average infection level was 60%, with a range of 0-100%, depending on the site or 
stand sampled (Ball et al. 1991). Ky-31, the most common variety found in the 
landscape, clearly has higher incidence of the fungal endophyte than other 
cultivars (Shelby & Dalrymple 1987). In Kentucky, researchers found 83% of 
fields tested had over 50% EIF, with 53% being over 80% infected (Lacefield & 
Henning 1986). Changes in EIF of a given stand over time may depend on the 
selective pressures applied, whether abiotic or biotic. Environmental differences 
between sites or over time may alter competitive interactions between E+ and E- 
tall fescue (Hill et al. 1998). Shelby and Dalrymple (1993) observed increases in 
EIF over a 12 year period for plots with four different EIFs, but mowing did not 
affect the trend. Gwinn et al. (1998) exposed fescue pastures of four different EIFs 
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(0, 25, 60, and 80%) to three levels of grazing pressure (low, medium, high) and 
observed increases in EIF between 1-38%, with the greatest increases for those 
pastures starting with intermediate EIF (20-60%) under high grazing pressure. In 
addition, plant genotype and fungal genotype may interact to impact the fitness 
of the symbiosis in any given plant or stand, with not all genotypes (plant or 
fungus) created equal (Latch 1993; Marks & Clay 1996; Buck et al. 1997; Assuero 
et al. 2000; Bayat et al. 2009; Rudgers et al. 2010). When tall fescue stands of 
differing EIF have been followed over time, E+ stands are typically more 
persistent and/or competitive than E- stands (Marks et al. 1991; Bouton et al. 
2001; Franzleubbers & Stuedemann 2005) or those with so-called “novel” 
endophytes (fungal endophytes that do not produce the ergot alkaloids 
associated with livestock problems) (Hopkins & Alison 2006). Growth of the 
fungus within tall fescue tissue can vary seasonally, and minimal temperature 
for endophyte growth is greater than that of tall fescue host plants (Ju et al. 2006). 
Temperature has also been linked with alkaloid levels of E+ plants, with higher 
temperatures favoring production of these compounds (Latch 1993). This and 
other research has led to differences in genotype and endophyte 
recommendations for the eastern U.S. range of tall fescue use, with those areas in 
the southern-most regions encouraged to use E+ tall fescue, because E- stands 
persist poorly in these hot environments, but those in the middle and northern 
ranges are encouraged to use E- (Fig. 1.3).  
Explorations into impacts of endophyte-infected tall fescue at the stand 
and regional scale have discovered significant alterations of community and 
ecosystem processes including nutrient cycling, soil microbial 
activity/composition, succession, herbivory, and interspecific competition. 
Higher soil organic carbon and nitrogen have been observed under E+ compared 
to E- tall fescue (Franzluebbers et al. 1999; Siegrist 2008) and high endophyte 
infection has been shown to alter soil microbial biomass and activity 
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(Franzluebbers et al. 1999; Van Hecke et al. 2005; Jenkins et al. 2006; Siegrist 2008; 
Buyer et al. 2011). However, these differences may be dependent on soil fertility 
(Franzluebbers & Stuedemann 2005) and cultivar (Franzluebbers 2006). Studies 
have also found alterations of decomposition rates, with slower rates for E+ litter 
compared to E- and for litter placed in E+ plots compared to E- (Lemons et al. 
2005; Siegrist et al. 2010), although no endophyte effect was observed in a 60-day 
pot experiment (Lemons et al. 2005). Many nematodes are apparently negatively 
impacted by E+ tall fescue (Bernard et al. 1997), and composition of collembola 
differed between E+ and E- field plots (Lemons et al. 2005). 
A number of studies have examined plant community dynamics and 
individual plant fitness traits between E+ and E- tall fescue. E+ plants have been 
found to: be larger than E- plants (Clay 1990; Hill et al. 1991; Hill et al. 1998; 
Assuero et al. 2006 ), flower earlier (Newman et al. 2003) and more frequently 
(Clay 1990), and to tolerate high temperatures (Marks & Clay 1996) and water 
stress (Arachavaleta et al. 1989; Bouton et al. 1993) better than E- plants. In 
addition, E+ fescue has been shown to suppress succession to forest (Rudgers et 
al. 2007), to support lower plant diversity (Rudgers et al. 2010; but see Spyreas et 
al. 2001), and to be more competitive than E- plants (Hill et al. 1991; Marks et al. 
1991; Rudgers et al. 2005; but see Hill et al. 1998). And finally, some evidence 
exists that E+ tall fescue inhibits other species via allelopathy (Malinowski et al. 
1999; Orr et al. 2005). Collectively, these studies and others paint a picture of tall 
fescue benefiting greatly from, and even owing in large part its success in 
persisting and spreading throughout the United States, to the presence of 
Neotyphodium coenophialum.  
What Effect Might the Tall Fescue-Neotyphodium Symbiosis Have on Native 
Grassland Restoration? 
 The techniques and methods appropriate for restoration of tall fescue 
pastures to native grasslands have received a good deal of attention (Washburn 
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et al. 1999; Washburn et al. 2000; Madison et al. 2001; Rhoades et al. 2002; 
Washburn et al. 2002; Ruffner & Barnes 2004; Ruffner & Barnes 2010) in part 
because tall fescue pastures cover much of the land targeted for these types of 
restoration efforts, but the tall fescue symbiosis with N. coenophialum has been 
largely ignored in this work. Given the clear differences in growth of E+ and E- 
tall fescue, as well as differences in stand characteristics over time (observed both 
above- and belowground), responses of E+ and E- dominated tall fescue pastures 
to restoration management may be different. If they do differ, land managers 
might benefit by being able to target certain pastures for restoration based on 
their endophyte infection frequency.  
Common restoration practices of prescribed burns and herbicide 
treatments may impose stressful conditions on tall fescue plants. If E+ plants are 
better able to resist eradication efforts and recover more quickly following these 
treatments, we would expect grassland restoration to favor E+ plants over time. 
In addition, if E+ tall fescue stands alter soil properties in ways that would limit 
establishment of native species, restoration outcomes might differ depending on 
the initial EIF of the stand. In instances where E+ stands were treated to kill the 
E+ plants, and replanted with E- seeds, reestablishment of E+ plants has been 
documented (Smith 1989; Defelice & Henning 1990; Tracy & Renne 2005), 
indicating E+ plant are able to recover and persist following eradication efforts. 
Herbicide resistance has been demonstrated in endophyte-infected Italian 
ryegass (Vila-Aiub et al. 2003), which is a closely related symbiosis to that of tall 
fescue-Neotyhpodium. Prescribed burns increase light levels and decrease soil 
moisture at the soil surface (Rhoades et al. 2002), conditions under which E+ tall 
fescue growth may be favored over E-.  
This dissertation project was developed to explore the possible role that 
symbiosis with N. coenophialum might play during grassland restoration practices 
in tall fescue pastures. The three individual studies described herein were 
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designed and constructed in sequence, and resulted from prior or concurrent 
observations of variable native grassland restoration success across the state of 
Kentucky. The first two studies explored differences in vegetative recovery 
following restoration management of E+ and E- plants, and the third looked at 
establishment of native planted species in soil previously occupied by E+ and E- 
plants. With ample supply of tall fescue pastures across its range, this research 
was designed to provide results that could inform land managers of how best to 
select tall fescue pastures for grassland restoration.   
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Figures 
 
 
Figure 1.1. Transeau‟s map of the prairie peninsula. From: Transeau TA (1935) 
The Prairie Peninsula. Ecology 16: 423-441. 
 
 
 
Figure 1.2. Vegetation cover types in Kentucky prior to European Settlement. 
Map done by the Kentucky State Nature Preserves Commission, Frankfort, KY.  
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Figure 1.3. Adaptation and production areas of tall fescue in North America. 
Figure 7 in Oregon State University Extension Publication PNW-504 (April 2009), 
“Tall Fescue.” Caption reads “Endophyte infection (E+) may improve survival in 
southern regions, but is not recommended in areas north of the transition zone 
(E- areas).”  
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Chapter Two 
Restoration of Native Warm Season Grassland Species in a Tall Fescue Pasture 
Using Herbicide and Prescribed Fire1 
 
Introduction 
Over the last decade, ecologists have tried to identify common characteristics, 
traits, and mechanisms that may explain the invasive capabilities of certain species.  
Several hypotheses have resulted from this work. For example, invasive species may be 
more competitive at acquiring limiting resources (Rhazi et al. 2009); more able to exploit 
fluctuating resources during a period of high availability (Davis et al. 2000); and/or 
experience less pathogen, predator, and/or herbivore pressure in the new habitat (i.e., 
the enemy release hypothesis) that enables them to expend more of their energy on 
resource acquisition, growth, and reproduction (Torchin et al. 2003; Mitchell & Power 
2003). Additionally, plant-soil interactions are frequently implicated in invasion success 
(Klironomos 2002; Callaway et al. 2004; Thorpe et al. 2009). These possible mechanisms 
are not mutually exclusive, and recent studies have documented that they may co-occur 
(Blumenthal 2005, 2006).   
One mechanism by which some invading species may gain a competitive 
advantage over natives could be via microbial symbioses. Arbuscular mycorrhizal (AM) 
and non-AM soil fungi have been shown to facilitate invasive species spread and 
success (Klironomos 2002), but less is known about the potential role of aboveground 
fungal endophytes.  For example, tall fescue, a non-native, invasive forage grass in 
North America (Clay & Holah 1999; Rudgers et al. 2010), is capable of forming a 
mutualistic association with the aboveground fungal endophyte, Neotyphodium 
coenophialum (Latch, Christensen and Samuels) Glenn, Bacon and Hanlin. This plant-
fungal symbiosis has been shown to increase vigor (Latch 1993), fitness (Clay 1990), 
nutrient use efficiency (Cheplick et al. 1989), and drought tolerance (Arachevaleta et al.
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1989; Hill et al. 1996), as well as resistance to mammalian herbivores (Rudgers et al. 
2007; Rudgers et al. 2010) and insect pests (Siegel et al. 1990; Clay et al. 1993; Salminen 
et al. 2005), all of which may lead to endophyte-infected (E+) individuals being more 
competitive than endophyte-free (E-) tall fescue plants. In addition, some evidence has 
linked N. coenophialum presence to the reduction of AM spore abundance in soil (Chu-
Chou et. al 1992; Antunes et al. 2008) and the inhibition of belowground AM 
colonization of other plants (Antunes et al. 2008). In greenhouse experiments, E+ tall 
fescue plants were more successful at invading diverse communities compared to E- 
plants (Rudgers et al. 2005), and in field plots, E+ plants were more persistent following 
grazing, mowing, and competition with bermudagrass than E- plants (Bouton et al. 
2001). Clay and Holah (1999) found E+ tall fescue increased in cover and reduced 
diversity in large field plots over a four year period when compared to E- tall fescue 
plots, and growth of some tree species was reduced when grown in soil conditioned by 
E+ tall fescue (Rudgers & Orr 2009). Rudgers et al. (2010) showed both tall fescue host 
plant and endophyte genotypes can affect community level interactions. Limited 
evidence suggests that E+ tall fescue plants might recover better than E- plants 
following eradication efforts using herbicides (Smith 1989; Defelice & Henning 1990), 
and clear evidence of fungal endophytes conferring herbicide resistance has been 
demonstrated in Italian ryegrass (Vila-Aiub et al. 2003; but see Vila-Aiub & Ghersa 
2001) and annual ryegrass (Kirkby et al. 2011). Collectively, these factors suggest that N. 
coenophialum might play a role in the ability of tall fescue to invade new areas and resist 
or recover following management and restoration practices such as fire, grazing, and 
herbicide applications. If restoration practices select for E+ tall fescue plants, then 
restoration of native species may be difficult to accomplish.  
Grasslands once covered the entire central part of North America, but 
agriculture, urbanization, mineral exploration, fire suppression, and invasive species 
have largely altered these landscapes (Samson et al. 1998). Historically, pockets of 
grassland in the mesic-eastern United States were maintained by burning practices 
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employed by Native Americans (e.g. Baskin et al. 1999), as the humid nature of the 
environment would rapidly convert these areas to forest in the absence of repeated 
above-ground disturbance. At the time of European settlement in Kentucky, U.S.A., 
such grasslands covered 6-10,000 square kilometers within the state (Jones 2005). 
Quality “remnant” grasslands, which are home to a number of rare plants and insects, 
now cover less than 1 square kilometer in the state, as agriculture and fire suppression 
have resulted in widespread conversion of this landscape type to cropland/pasture, or 
they persist in a successional state to forest (Jones 2005). Tall fescue was planted widely 
across the southeastern U.S., including Kentucky, in the 1940‟s and 50‟s, for pasture. The 
current range of this species includes most of the eastern U.S. and parts of the Pacific 
Northwest, covering substantial acreage in eleven states (Ball et al. 1993).  
Increasingly, concerns about potential negative effects of tall fescue on wildlife 
(Barnes et al. 1995; Madison et al. 2001) and livestock (Ball et al. 1993), as well as its 
invasive qualities (Rudgers et al. 2004; Rudgers et al. 2005) and proximity to extant, rare 
native grasslands, have inspired many land managers and preservation agencies to 
restore tall fescue dominated pastures to native warm season grasses and forbs. 
Replacement of cool-season pasture systems with native warm season grasses reduces 
the need for fertilizer, which may result in long-term economic benefits (Harper et al. 
2004). In areas where a local seed source of native plants exists (either in the seed bank, 
seed rain, or from vegetative propagules), restoration efforts are aimed at eliminating 
tall fescue, while simultaneously encouraging native species without the introduction of 
commercial seed in plantings (as commercial seed is frequently not derived from local 
ecotypes). Application of grass-specific herbicides, as well as the use of prescribed fire 
(often in combination), are two main tools used to reach these restoration objectives 
(Harper et al. 2004). The short-term success of these efforts has been well-established 
(Washburn et al. 1999; Washburn et al. 2000; Madison et al. 2001; Rhoades et al. 2002; 
Barnes 2004); however, little information exists on the long-term outcome of repeated 
management practices on the plant communities. Furthermore, surveys of grassland 
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restorations across Kentucky suggest that these restoration techniques have variable 
effects on plant communities (Hall et al. unpublished data). It is possible that the degree 
of endophyte infection within the tall fescue population plays a role in the varying 
degree of success of these restoration efforts.    
The primary objective of this study was to assess whether restoration practices 
maintained for >5 years successfully reduced tall fescue cover and increased native 
species cover and diversity. As part of this assessment, I determined: 1) whether 
vegetation composition and cover varied among units receiving different restoration 
practices; and 2) whether restoration efforts selected for E+ tall fescue plants, as would 
be indicated by higher endophyte infection rates in the tall fescue plants remaining 
following burning and/or herbicide application relative to an unmanaged control. My 
hypotheses were that restoration practices would be effective (as shown in short-term 
studies) in decreasing tall fescue cover while simultaneously increasing native species 
cover and diversity, and that restoration practices would reduce the number of E- 
plants, leading to higher endophyte infection frequencies within tall fescue remaining 
in the plant community following restoration.  
Methods 
Site Description 
The location of this study was at Crooked Creek State Nature Preserve (CCSNP), 
a 294-ha preserve acquired by the Kentucky State Nature Preserves Commission 
(KSNPC) in 1999 and located in the northeastern part of the state, 3.9 km south of the 
Ohio river (38.646508˚N -83.577198˚W).   The preserve includes areas of both high 
quality “remnant” xeric limestone prairie (Lawless et al. 2004), or glades (sensu 
Rhoades et al. 2005), and pastures planted to non-native forage grasses, dominated by 
tall fescue. The “Fescue Restoration Unit” contained a tall fescue pasture that has been 
actively managed for restoration goals with herbicide applications and prescribed 
burning since 1999. This 3.3-ha unit contained five adjacent sub-units (each 0.26-0.94ha) 
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that received different combinations of prescribed fire and herbicide applications, 
including an unmanaged control (Table 2.1). This experimental framework was used to 
compare plant composition and endophyte infection frequency in areas actively 
managed/restored to an unmanaged control. All herbicide applications used imazapic 
graminicide (Plateau [BASF]) applied with a boomsprayer on an all terrain vehicle, at 
either 293 or 585 ml/ha in early summer (J. Bender, KSNPC, pers. comm.). Prescribed 
fires were performed during the late winter/early spring, when native warm season 
grasses were still dormant (mid Feb-early Apr). We assumed that tall fescue was 
planted throughout this pasture sometime prior to the KSNPC acquisition. The 
topography and openness of the field suggested management practices prior to KSNPC 
ownership were similar over the entire area, and plant cover from the “control” sub-
unit prior to the initiation of restoration treatments indicated tall fescue was the 
dominant graminoid ( x =56% cover in 1999; KSNPC, unpublished data). Mowing and 
cattle grazing of the entire area occurred on a regular basis up until 1996. Soils within 
the restoration unit are silty clay loams. 
Plant Community and Endophyte Infection Methods 
I conducted vegetation surveys of all sub-units between 27 Sept and 4 Oct 2008. I 
established belt transects within each sub-unit, and visually estimated cover (to 1%) for 
all species within 1-m2 quadrats placed on alternating sides of each transect. Because 
sub-units varied in size, transect lengths were established such that 1% of the total area 
for each was sampled, resulting in 27-94 1-m2 quadrats (along 3-4 transects) per sub-
unit. Transects ran approximately parallel within units.  
Tall fescue tillers were sampled just outside the belt transects on both sides, with 
the number of tillers dependent on tall fescue dominance. I walked along each side of a 
belt transect scanning the ground for tall fescue, and cut vegetative tillers  (no more 
than one per individual plant) at ground level using a razor blade as they appeared. For 
transects with very high tall fescue cover, I sampled a maximum of 2.5 tillers per meter 
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of transect (19-80 total tillers sampled per transect). Tillers were kept cool in transit from 
the field, double blotted onto nitrocellulose paper in the lab, and tested for N. 
coenophialum presence using Phytoscreen Immunoblot kits (Agrinostics, Watkinsville, 
GA). Endophyte infection frequency was determined by dividing the number of tillers 
testing positive for the presence of N. coenophialum by the total number of tillers tested 
per transect.  
Statistical Analyses 
Endophyte infection frequency and cover of common species (tall fescue; 
Japanese honeysuckle, Lonicera japonica Thunb.; little bluestem, Schizachyrium scoparium 
(Michx.) Nash; eastern redcedar, Juniperus virginiana L.), all exotic species combined, all 
native species combined, native forbs, native grasses/sedges, and native woody species 
were compared among the restoration treatments and the control using the means 
ANOVA procedure in JMP 7.0.2 (SAS Institute, Cary, NC), with transects serving as 
replicates within each sub-unit. For all cover estimates, means were first calculated on a 
square meter basis by averaging the quadrats in each transect, and then transect means 
were used to calculate each restoration treatment or control mean. For endophyte 
infection frequencies, the sub-unit mean was calculated using percent infection from 
each transect. Tukey-Kramer HSD was used to compare sub-unit means  ( =0.05). Each 
species was classified as either native or exotic according to Jones (2005).  
I used NMS (Nonmetric Multidimensional Scaling) ordination analysis on all 
species composition data by transect (mean cover of each species per m2) with 
endophyte infection frequency overlaid as a second matrix to compare whole plant 
community structure among the restoration treatments and the control. Sorenson‟s 
distance measure was used and a Monte Carlo test evaluated the significance of axes 
compared to randomized data. Multi-response permutation procedures (MRPP) were 
used to compare each restoration treatment to the control in pairwise comparisons. 
MRPP generates a test statistic (p) for likelihood that observed differences are due to 
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chance, as well as a chance-corrected within group agreement statistic (A) which 
describes homogeneity within groups (max A=1 when all items are identical within a 
group). NMS, Monte Carlo, and MRPP analyses were conducted using PC-ORD 4.0 
(McCune & Mefford 1999).  
Because different numbers of 1-m2 quadrats were sampled in different sub-units, 
which might bias measures of total species, I examined species richness across sub-units 
using species rarefaction curves with square meter quadrats as individual samples 
using EstimateS Win 8.0 (Colwell 2006).  I calculated mean species richness per square 
meter and compared richness among the restoration treatments and the control using 
the same procedures as for cover values.   
Results 
Consistent with restoration goals, my results indicated an overall trend towards 
reductions in tall fescue cover and increases in native grassland species cover following 
five years of restoration management at this site. Although none of the four restoration 
treatments had significantly lower tall fescue cover compared to the control, mean 
fescue cover per square meter was low throughout the site, ranging from 1.1 – 17.9% 
across all sub-units. Sub-unit C (3 herbicide applications, 3 burns) had greater fescue 
cover than all other restoration treatments (F[4,12]=5.82, p=0.008; Table 2.2), but was 
statistically similar to the control, despite having >2x more fescue cover than the 
control. Species rarefaction curves revealed this restoration treatment (sub-unit C) also 
had the lowest species richness (data not shown). Restoration goals of increasing native 
warm season grass dominance through the use of herbicide and fire were successful in 
achieving higher cover of native grasses (F[4,12]=4.18, p=0.024; Fig. 2.1), which was 
primarily driven by an increase in little bluestem (F[4,12]=3.82, p=0.030; Table 2.2), the 
most dominant grass found in native xeric limestone prairies (Lawless et al. 2006). 
Cover of native forbs also increased in response to restoration management 
(F[4,12]=11.51, p<0.001; Fig. 2.1). However, restoration sub-units A, B, and D also had 
higher cover of Japanese honeysuckle (F[4,12]=3.95, p=0.029; Table 2), an aggressive 
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invasive species (KY-EPPC 2008) which was almost absent in the control and restoration 
sub-unit C.  All restoration treatments had lower overall species richness than the 
control (F[4,12]=12.84, p<0.001; Table 2.2). Cover of woody species was greater in the 
control compared to all restoration treatments (F[4,12]=84.95, p<0.001; Fig. 2.1).  Eastern 
redcedar, the primary woody species of xeric limestone prairies and associated 
grassland communities (Lawless et al. 2006), was also greater in the control than any of 
the restoration units (F[4,12]=5.36, p=0.01; Table 2.2), although cover of this woody 
species was relatively low in all sub-units. 
The NMS ordination indicated a clear separation of the three transects within the 
control unit from transects in the restoration treatments. The ordination reached a 2-axis 
solution after 32 iterations with a final stress of 7.12 (Fig. 2.2), and cumulative r2 for both 
axes was 95.5% (Monte Carlo test p=0.048 for both axes). Endophyte infection frequency 
did not appear significant in the overlay, which had a cutoff r2 of 0.35. There was no 
clear separation between restoration treatments, suggesting there were no consistent 
differences in species composition among the combinations of prescribed burns or 
herbicide applications. When pairwise comparisons of transects within restoration 
treatments were compared to the control using MRPP, restored sub-units A and B were 
significantly different from the control (A=0.53, p=0.009 for sub-unit A, A=0.43, p=0.01 
for sub-unit B). Restored sub-units A and B also had higher species richness (although 
not significant) than restored sub-units C or D (Table 2.2), and results from the species 
estimates (Jackknife 2 estimator) displayed the same patterns in species richness among 
sub-units (data not shown).  
Contrary to my hypothesis, there were no significant differences in endophyte 
infection frequency between control and restored sub-units (F[4,12]=1.16, p=0.376, Fig. 
2.3). This result suggests that E+ tall fescue individuals were not preferentially 
surviving or re-colonizing the treated sub-units. Furthermore, there was no correlation 
between tall fescue cover and endophyte infection: the unit with the highest tall fescue 
cover (sub-unit C, 17.9% tall fescue) had the lowest infection rates (2.2+3.0; average + 1 
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SE). Endophyte infection frequency, which was included in the second matrix of the 
NMS ordination, was not significantly correlated to either axis of the species 
composition data (Fig. 2.2), further suggesting that the presence or absence of N. 
coenophialum in tall fescue was not related to differences in vegetative composition 
across restoration treatments and the control.  
Discussion 
The primary effect of the cool-season pasture restoration efforts aimed at 
promoting native warm-season grassland was a shift in the dominance of the plant 
community composition from a non-native, forage plant - tall fescue - towards native 
grassland species. Restoration efforts resulted in desired increases in little bluestem 
cover and reduced tall fescue cover in three out of four restoration treatments, but these 
units also had greater cover of an undesirable species, Japanese honeysuckle. The 
presence of other invasive species following restoration management is of concern in a 
highly disturbance-dependent system, as management can often encourage additional 
invasive species (Rinella et al. 2009). In addition, restoration sub-units had lower species 
richness than the control, and percent cover of all native and exotic species did not 
differ between the restoration treatments and the control.   
The highest species richness and lowest tall fescue cover occurred in the absence 
of burning or herbicide application (i.e., in the control). The control sub-unit has had 
very little disturbance since 1996, when cattle grazing and mowing were stopped at the 
site. Rudgers et al. (2007) showed that E- tall fescue stands rapidly succeed to forest in 
these mesic systems, if not managed to maintain a grassland structure (i.e., mowed; 
Foster et al. 2009). The low endophyte infection frequencies of tall fescue at our site (2.2 
– 9.3% infected overall) may have facilitated rapid secondary succession in the 
undisturbed control sub-unit. Higher woody species cover and lower grass/sedge cover 
in the control support this supposition and suggest that the major differences in species 
composition observed across subunits at the site were driven by restoration practices 
impeding succession to forest. The ordination analyses successfully separated all 
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restoration units from the control, even one that had only received a single prescribed 
fire (sub-unit D). This suggests that increasing use of herbicides and burning does not 
have consistent effects on community composition and may not be warranted in all 
restorations. Aside from the clear restored vs. control separation, community 
composition was variable among transects within the restoration treatments, indicating 
a patchy mosaic not strongly reflecting treatment differences. Our results represent a 
single sampling event, aimed at capturing warm-season plant species. We acknowledge 
that we missed many cool-season species, but we believe the overall species richness 
trends and community composition differences presented here are likely reflective of 
overall patterns that would be observed year-round.    
Restoration in cases where native seed or propagules are not introduced can 
present a number of challenges. Restoration practices that create disturbance may also 
create opportunities for the spread of additional problematic species. Facilitation of 
invasion by disturbance has been long recognized (e.g. Elton 1958), and restoration 
without introduction of undesirable species in restored communities may become 
increasingly difficult to obtain. For example, Kotanen (2004) found short-term increases 
in exotic species following soil disturbance in a coastal grassland (California, U.S.A.).  
Rinella et al. (2009) found herbicide applications used to control an exotic forb in a 
northern mixed grass prairie in Montana, U.S.A., were unsuccessful in reducing the 
target species sixteen years after application, and had lasting negative effects on native 
forbs. Conversely, Rice et al. (1997) found effective reduction of exotic species with no 
negative impacts on native forbs using the same herbicide as Rinella et al. (2009), and 
Blumenthal et al. (2005) reported that intensive disturbance-based restoration 
treatments (herbicide, prescribed burning, rototilling, and raking) resisted 
establishment of added weed seeds better than a non-disturbed seed addition only 
treatment. In mesic systems, some management/disturbance is clearly needed if 
grassland vegetation is desired, but the frequency of management may impact levels of 
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spread or invasion by other undesirable species. Balancing both the positive and 
negative impacts of restoration practices is a continuing challenge to land managers.  
I found no increase in endophyte infection frequency of tall fescue in restoration 
treatments compared to the control, as all sub-units had low infection rates. These 
results are inconsistent with the findings of Smith (1989) and Defelice and Henning 
(1990), both of which suggested E+ plants recover better following herbicide than E- 
plants. I found, at least in one restored sub-unit (C), that tall fescue stands with low 
endophyte levels persist even after three herbicide applications specifically aimed at 
eliminating this species. Whether E+ plants resist eradication efforts better than E- 
plants may be environment dependent and requires further investigation. Assuming 
that pre-restoration levels of tall fescue in the control sub-unit (mean cover 56%) were 
representative of fescue cover across this site, reductions in tall fescue with very low E+ 
rates were observed in both restoration and control sub-units. Tall fescue persists under 
the same restoration management activities at higher cover levels in the region, and 
preliminary tests of 16 similar grassland restorations among seven nature preserves 
found that endophyte infection frequency of tall fescue ranged from 83–100%, with the 
average being 94% (Appendix 1). Endophyte infection frequencies can vary greatly 
across landscapes and regions, but low levels generally seem to be the exception. Of 
fescue populations sampled from 30 states, 90% had some level of infection and average 
endophyte infection frequency among these populations was 60% (Ball et al. 1991).   
Further, Lacefield and Henning (1986) reported 53% of tall fescue pastures tested in 
Kentucky contained infection levels >80%. In surveys of tall fescue in Illinois and its 
native range in England, Spyreas et al. (2001) found variable infection levels, with mean 
rates of 71% in Illinois samples, and 64% in those from England. Clearly, our study site 
was unique in low endophyte infection levels of tall fescue. Thus, it remains possible 
that endophyte infection frequency influences restoration success, with this site having 
overall low infection frequencies and relatively successful restoration (i.e., reduced tall 
fescue cover and increased dominance of native grasses). Given the widespread 
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distribution of tall fescue throughout much of the eastern United States, as well as its 
use as a forage worldwide, exploration of this potential relationship might lead to 
improved management and restoration approaches. 
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Tables 
Table 2.1. Management history of five sub-units at Crooked Creek State Nature 
Preserve. H indicates herbicide application (see methods for chemical and quantity 
used) and B indicates prescribed burn within a given year (none occurred 2005-2008).  
Sub-unit 1999 2000 2001 2002 2003 2004 
A B H/B B H -- B 
B B H/B H/B H -- B 
C -- H/B H/B H -- B 
D -- -- -- -- -- B 
Control -- -- -- -- -- -- 
 
Table 2.2. Species richness and cover (mean m2 + 1 SE) of native and exotic species in the 
four restoration treatments (A, B, C, D – see Table 1 for descriptions) and an adjacent 
control. Means sharing the same letter were not significantly different between units 
within rows (α=0.05).  
 
A 
(2 H / 4 B) 
B 
(3 H / 4 B) 
C 
(3 H / 3 B) 
D 
(0 H / 1 B) 
Control 
(0 H / 0 B) 
Species Richness 8.38(+0.3)  c 10.93(+0.6)  b 8.73(+0.3)  bc 10.67(+1.1)  bc 13.87(+0.3)  a 
Mean cover (%)     
Native Species 86.04(+6.5)  a 85.62(+8.7)  a 66.65(+6.0)  a 80.14(+4.0)  a 60.11(+4.1)  a 
Little bluestem 23.34(+5.6)  ab 34.26(+4.1)  a 32.10(+8.0)  ab 35.46(+4.2)  a 10.59(+0.9)  b 
Eastern redcedar 0.03(+0.0)  b 0.02(+0.0)  b 0(+0.0)  b 0.06(+0.0)  b 1.78(+1.5)  a 
 
Exotic Species 21.74(+7.2)  a 9.0(+3.4)  a 21.36(+5.8)  a 7.14(+2.8)  a 10.45(+3.7)  a 
Japanese 
honeysuckle 15.15(+4.7)  a 6.20(+3.2)  ab 0.05(+0.1)  b 3.28(+2.3)  ab 0.37(+0.2)  b 
Tall fescue 1.45(+0.7)  b 1.12(+0.4)  b 17.85(+6.3)  a 1.21(+0.4)  b 7.12(+3.9)  ab 
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Figures 
 
Figure 2.1. Mean cover (+ 1 SE) of different plant groups in the four restoration 
treatments (A-D) and control. Number of herbicide treatments (H) and prescribed burns 
(B) indicated in parentheses for each sub-unit. Means accompanied by the same letter 
within a group were not significantly different (α=0.05).  There was no significant 
difference across treatments for combined exotic species cover. 
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Figure 2.2. Biplot graph of the NMS ordination of vegetative cover data from 17 
transects within five sub-units. Labels on graph indicate sub-unit (A, B, C, D, control) 
followed by the transect number (3-4 transects per unit). Average percent cover for each 
species per square meter of transect made up the main matrix, and endophyte infection 
frequency of tall fescue was included in the overlay analysis but was not significantly 
related to the observed patterns (cutoff r2=0.35). The final stress for the ordination was 
7.12, and cumulative r2 was 95.5% (81.5% for axis 1, and 14.0% for axis 2). Monte Carlo 
tests indicated both axes were significant at p=0.048.  
 
 
 
 
 
 
 
 
 
30 
 
 
Figure 2.3. Mean (+ 1 SE) tall fescue endophyte infection rates in the four restoration 
treatments (A-D) and control. Number of herbicide treatments (H) and prescribed burns 
(B) are presented in parentheses below each sub-unit on the x-axis. There were no 
significant differences between any sub-units (p=0.376).  
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Chapter Three 
Growth Response of Endophyte-Infected and Endophyte-Free Tall Fescue to 
Prescribed Burn and Water Availability Treatments 
 
Introduction 
Prescribed fires are used widely in management of grasslands today (Ruffner & 
Groninger 2006). Within the mesic eastern U.S., prescribed fires serve primarily to 
reduce density/cover of woody stems (Taft 2003; Jenkins & Jenkins 2006; Duncan et al. 
2008), which would otherwise increase until succession reached a forested state. 
Prescribed fire in this region is used not only to manage high quality remnant native 
grasslands, but it is also used as a tool to restore native grassland species to areas that 
have been planted with forage species and used as pasture. Within the latter context, 
fire may be used alone as a management tool, or it may be used in combination with 
herbicide application (Barnes 2004) to encourage native grassland species and 
discourage non-native species. In the case of planted pastures, the dominant plant 
species are typically non-native cool-season forage grasses, e.g. tall fescue in the 
transition zone of the eastern U.S. In a survey of four wildlife management areas in 
Kentucky, tall fescue was the dominant vegetation throughout the year (Barnes et al. 
1995).  
Tall fescue is frequently in symbiosis with the fungal endophyte, Neotyphodium 
coenophialum, and this symbiosis is known to increase tall fescue‟s stress tolerance over 
that of  endophyte-free (E-) individuals (Bacon & Siegel 1988; Schardl et al. 2004). 
Endophyte presence within tall fescue populations can vary across the landscape: 
within a single field, some areas may have no individuals infected, whereas in other 
areas, all individuals present are infected. Extensive surveys show that on average 
endophyte infection frequencies (EIF) within tall fescue populations are typically >50% 
(Lacefield & Henning 1986; Ball et al. 1991). Surveys of 17 tall fescue pastures being 
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targeted for restoration across the state of Kentucky found all but one had EIF >80% 
(Appendix 1). Ky-31, the variety of tall fescue that is most common in pastures, has a 
higher occurrence of fungal endophyte symbiosis than other varieties (Shelby & 
Dalrymple 1987). The physiological benefits to tall fescue of hosting N. coenophialum are 
thought to be most pronounced under water (Arachevaleta et al. 1989; Assuero et al. 
2000; Bayat et al. 2009) or nutrient stress (Malinowski et al. 1997; but see Cheplick et al. 
1989), and the fungus may actually serve as a physiological drain or sink when the plant 
is not under such stress (Malinowski et al. 1997). Endophyte-infected (E+) fescue has 
been shown to have larger belowground biomass compared to E- tall fescue (Kelrick et 
al. 1990; Assuero et al. 2006), which could serve as a greater resource from which to 
recover following management activities that negatively impact aboveground growth of 
the plant. E+ plants have also been shown to respond to increased nutrient availability 
more than E- plants (Arachevaleta et al. 1989; Cheplick et al. 1989).  It is possible that 
these endophyte-associated effects on tall fescue growth, physiology, and response to 
stress interact with the effects of prescribed fire to impact the effectiveness of this 
common grassland management tool. 
Prescribed fire in mesic grasslands alters the abiotic environment, including 
increased light levels and decreased soil moisture at the surface, and increased nutrient 
availability (Rhoades et al. 2002). These abiotic effects may in turn affect biotic 
components of the grassland systems where they occur. Some rare plant species 
apparently benefit from the use of prescribed fire (Kaye et al. 2001; Gillespie & Allen 
2004), and fire may serve as a recruitment tool in perennial grasslands (Zimmerman et 
al. 2008). Burning stimulates tillering of warm-season grasses (Cuomo et al. 1998), and it 
has been shown to reduce cover of some non-native species (Moyes et al. 2005; Abrams 
& Hulbert 1987; Towne & Kemp 2008) and C3 species (Abrams & Hulbert 1987; Ansley 
& Castellano 2007; Towne & Kemp 2008). The behavior of fire (which determines 
impacts to the abiotic environment) can also be impacted by the vegetation present 
(Pyke et al. 2010), and areas dominated by C3‟s, like tall fescue, often experience 
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reduced intensity of early spring burns (Taft 2003; Hall 2010), as they may have already 
begun to grow/green-up. This prior research then suggests that the effects of fire on tall 
fescue growth might be expected to be negative, positive, or neutral, depending on the 
effect of fire on the abiotic and biotic components of the system. Presence of the fungal 
endophyte within tall fescue might add another layer of complexity that could impact 
the effect of prescribed fire on tall fescue growth. 
Previous research has concluded that tall fescue cover is not reduced with a 
single prescribed fire (Washburn et al. 1999; Washburn et al. 2000; Madison et al. 2001; 
Washburn et al. 2002; Barnes 2004), but the fungal endophyte status of tall fescue in 
these studies is unknown. Given that fire affects some of the same abiotic parameters 
also known to be important in determining whether endophyte presence within tall 
fescue increases or reduces its competitive ability (e.g., higher light, lower soil moisture, 
increased nutrient availability), prescribed fire may create a soil environment that 
favors E+ over E- tall fescue. If there are differences in the growth response of E+ and E- 
tall fescue to management with prescribed fire, this information could help inform 
management decisions by those wishing to restore native grasslands in tall fescue 
pastures. 
I designed a controlled greenhouse experiment to test differences in growth of 
E+ and E- tall fescue following prescribed burn and water availability treatments. This 
experiment used established tall fescue plants (variety Ky-31, either with (E+) or 
without (E-) the common toxic N. coenophialum) to which I applied a water availability 
treatment, providing half the plants with adequate water supply (“wet”), and half the 
plants with half as much water (“dry”). I included an unburned control, a single burn 
treatment (1x), and a two burn treatment (2x). I hypothesized E+ plants would have 
higher biomass and growth compared to E- plants, and that differences would be most 
pronounced under the dry treatment. I also thought differences in biomass between the 
E+ and E- plants would be greatest for those plants that received the 2x burn treatment. 
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I hypothesized the total biomass of plants would be greatest for the 1x burn and lowest 
for the 2x burn, with the unburned control in the middle. 
Methods 
This experiment consisted of a full factorial design (2x3x2x6), with E- and E+ 
fescue, two burn treatments (1x, 2x) plus the unburned control, a wet and dry 
treatment, and 6 replicates per treatment combination.  
Field Collection of Plant Material 
On 6 and 9 March 2009, tall fescue plants were removed from 0.08-ha plots 
established in 2001 at the University of Kentucky Research Farm for the purpose of E+ 
and E- tall fescue seed production (n=2 plots of each endophyte status) (39.219167˚N -
86.541389˚W, see Fig. 4.2c for aerial view). Individual plants that had 2-3 overwintering 
tillers were selected from E- and E+ plots. These plots were dominated by tall fescue 
(visual cover estimates of 92% in E+ and 84% in E-) and had endophyte infection 
frequencies of 96% for E+ and 4% for E- (Siegrist et al. 2010). PVC pipe sections (7.5 cm 
in diameter, 22 cm in length) were placed around each individual plant, and a hammer 
was used to pound the pipe into the ground, leaving a 2-cm deep rim above the soil 
surface. Each pipe section was extracted, and contained the top 20-cm of soil and the 
individual tall fescue plant. These pipe sections served as pots in the greenhouse, and 
will be referred to as such. Each was marked as E- or E+, and plants were transferred to 
a greenhouse at the Kentucky State University Research Farm (Franklin Co.).  
Greenhouse Conditions 
Plants were given ambient light with a 21°C day (12hr) and 15.6°C night (12hr). 
Pots were individually numbered, and were randomly assigned burn treatment, 
watering regime, and replicate number. During this initial 2.5 week growing period 
(from 6 or 9 March to 25 March), all pots were watered twice a week to field capacity. 
Pots were arranged in six blocks across a single greenhouse bench. On 18 March, the 
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number of tillers for each individual pot was counted, and each was recorded as either 
large (with senesced material from the previous growing season surrounding new 
growth), medium (new growth from current year but with a fair amount of material), or 
small (new growth from current year with little material). All tillers were clipped to 4-
cm ht, and clipped material was kept from each pot and placed in ziploc bags. The 
following day a wet weight was measured for all clipped material. Eight E- and eight 
E+ pots were randomly selected for harvesting at this time (18 March) to estimate 
belowground biomass prior to the experiment, and to obtain pre-treatment soil 
moisture levels.  At the time of harvest, it had been two days since the last watering 
event.  
Burn Treatments, Watering Regime & Fertilization 
Senesced plant litter of native warm season grasses (primarily switchgrass and 
little bluestem) was collected from a field at the KSU Research Farm to serve as fuel for 
the prescribed burn treatments. It was placed in the greenhouse for one week to dry, 
and was then cut into approximately 3-cm pieces. Fire behavior is complex, and relies 
on a number of biotic and abiotic factors which result in variability across the landscape 
(Pyke et al. 2010), and could result in variability in fire behavior between different pots. 
To evaluate heat levels of the prescribed fire treatment, I made aluminum tags that were 
painted with different heat-sensitive paints (Tempil Inc., S. Plainfield, NJ) that change 
appearance at 79, 163, 246, 316, 399, and 510˚C (Fig. 3.1b). Each tag was wrapped in 
aluminum foil (which melts at 644˚C).  
On 25 March, the first prescribed burn treatment was applied to all pots assigned 
to one of the two burn treatments (1x or 2x). A single heat-sensitive paint tag (that had 
all six paints) was anchored at the crown level of each pot with a paper clip (Fig. 3.1a). 
Pots were burned in (random) groups of 12 on a concrete floor inside the headhouse. 
Doors were opened on either side of the headhouse to allow for some air movement. 
Pots were placed such that paint tags were all in the same direction (with air flow). A 
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250ml cup was used to scoop dried native grass litter onto each pot. Care was taken to 
get as much litter as possible over each pot. A standard lighter was used to light the 
native grass litter in all pots for each group. Once the fire had burned out, paint tags 
were removed and marked with their respective pot number. It was raining outside the 
day of the first burn, and a sling psychrometer indicated relative humidity inside the 
headhouse to be at 100%. Ten subsamples of the native grass litter (250-ml each) were 
taken to calculate fuel moisture and to estimate variance in fuel amounts between pots. 
These were stored in sealed plastic bags to maintain the moisture levels they had at the 
time of the burn.  
Water regime treatments began the day of the first burn, with only the wet pots 
receiving water immediately following the burn. On 1 April, both the wet and dry 
treatments were watered, the wet pots receiving 116ml (volume of water based on long-
term average of weekly March-June precipitation for Lexington, KY, (Weather Channel 
Undated) calculated and applied based on the area of each pot) and the dry pots 
received half this amount, 58ml. Pots were watered with these amounts 2-3 times per 
week as needed for the rest of the experiment. On 8 May, all pots were fertilized with 
58ml 20-10-20 fertilizer (Peters 20-10-20 Greenhouse Fertilizer Peat-lite). Wet pots were 
given an additional 58ml water without fertilizer to maintain this treatment. The same 
procedure was also used on 3 June to fertilize all pots. 
On 12 May, the second prescribed burn treatment was applied to those pots 
assigned to that treatment. The same procedure was followed as for the first burn, 
except no fuel samples were taken for mass and moisture evaluations and no paint tags 
were used. Relative humidity was approximately 55% at the time of the burn. Prior to 
burning, all plastic markers used to identify and track individual tillers (see Growth 
Measurements, below) were removed, and tillers that emerged after the burn treatment 
were marked anew (as a new “cohort”). 
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Growth Measurements 
All tillers were individually marked in each pot using different colored strands 
of plastic (approx. 2-mm wide, 8-cm long) and measured weekly (during the first 
month) and bi-weekly thereafter. Individual tillers were measured by recording the 
distance from the base of the tiller to the longest green part of a leaf sheath on that tiller. 
New tillers that emerged during the experiment were marked and measured as they 
appeared. Visible signs of plant pathogens or insects pests were noted during 
measuring. Reproductive tillers were clipped to prevent seed from developing, and 
date of flowering was noted (these measurements occurred during the more frequent 
watering events). This clipped material was kept to be added to oven-dry aboveground 
material for biomass measurements. 
On 26 Jun (100 days after experiment initiation), all control pots were harvested. 
Each tiller was cut at the soil surface and placed in a coin envelope. Tillers were stored 
cool, and double blotted onto nitrocellulose paper for endophyte testing (Agrinostics 
immunoblot assay). Soil from each pot was sieved, and roots were removed by hand-
picking. Individual tiller material and pot root material were dried at 55°C for 48 hours 
to obtain biomass. A 5-g subsample of soil from each pot was used to measure 
gravimetric soil water content. Burned pots were harvested 10 Jul (2x burned) and 13 
Jul (1x burned) (114-117 days after experiment initiation, and 107-110 days after the first 
prescribed burn), with the same procedures followed as described for the control pots. 
Weights of all crown and root material were ash-corrected by placing a 0.5-g subsample 
of harvested biomass in a muffle furnace at 550˚C for 4 hrs. 
Statistical Analyses 
Data were analyzed at the pot level for the following response variables using 
Proc GLM to test for effects of endophyte presence, watering regime, burn treatment, 
and all interactions: final total pot tiller length, number new tillers (difference between 
tiller number on 18 March, prior to treatment implementation, and at harvest), number 
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reproductive tillers, oven-dry total tiller biomass, oven-dry root biomass, and total 
oven-dry biomass (tillers, crowns and roots). LS Means procedure for pairwise 
comparisons of means (SAS 9.2, Cary, NC) was used to detect for significant differences 
between means. Means and standard errors were obtained using the Means and 
Standard Deviation procedure in JMP 9.0 (SAS Institute, Cary, NC).  
In order to test whether the temperature of the first burn treatment affected 
growth, Proc GLM was used to test for the effects of burn temperature and its 
interactions with water regime and endophyte presence, on the total tiller length, 
number new tillers, number reproductive tillers, and mean length per tiller (total pot 
tiller length divided by number tillers present) for burned pots as measured just prior to 
the second burn (12 May) for those pots assigned to the 1x or 2x burn treatment.  
To observe trends in growth for tall fescue tillers over the entire experiment, 
mean length per tiller (+ 1 S.E.) was calculated at each of the nine measurement 
intervals (which took place one to three days apart between treatments) and plotted on 
a line graph over time. Means ANOVA procedure and Tukey-Kramer HSD were used 
in JMP 9.0 to test for significant differences between Wet/Dry, E+/E-, and 
1x/2x/unburned controls at each of these nine measurement intervals. Growth rates 
were also calculated for the different measurement intervals by dividing the difference 
in total tiller length by the number of days between measurements to get the total tiller 
growth rate (cm/day). For these calculations, lengths of tillers were assumed to be zero 
immediately following a prescribed burn. Means ANOVA procedure and Tukey-
Kramer HSD were used in JMP 9.0 to test for significant differences within 
measurement intervals between burn treatments. 
Results 
Endophyte Infection Frequency and Initial Root Biomass & Soil Moisture 
Endophyte tests of tillers harvested at the end of the experiment revealed twelve 
of 70 pots that were not 0% (E-) or 100% (E+) endophyte-infected. Of these twelve, only 
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two pots had endophyte infection frequencies (EIF= total number tillers testing 
positive/total number tillers) more than 50% different from what they were supposed 
to be (one E+ pot with 40% EIF, and one E+ pot with 28.6% EIF). These two pots were 
removed from the dataset to ensure statistical analyses were conducted on 
measurements from pots dominated by tall fescue of the correct endophyte status.  
 For the 16 randomly selected pots that were harvested prior to the 
implementation of water regime and burn treatments (18 March), soil moisture was 
significantly higher (p=0.0385) for the E+ pots (17.44+1.57%) compared to E- pots 
(13.63+0.55%). E- plants were extracted from the field three days earlier than E+ plants, 
but all had been watered to field capacity two days prior to harvesting, so it seems 
unlikely that differences in soil moisture were due to extraction date differences. 
Biomass of belowground material for these 16 pots harvested prior to implementation 
of the treatments revealed significantly (p=0.0499) higher root biomass for E+ 
(0.98+0.15g) compared to E- (0.63+0.06g). The wet weight of the plant material clipped 
and removed at this time (any material > 4-cm tall) for these same pots was not 
significantly different between E+ and E- plants (p=0.4617).  Therefore, endophyte-
related differences prior to the initiation of the treatments were only apparent 
belowground (root biomass and soil moisture).  
Effects of Prescribed Burn Treatments on Growth  
The heat-sensitive paint tags used during the first prescribed burn revealed that 
fire created temperatures ranging from <79˚C (no paints melted) to >316˚C but <399˚C 
(the fourth paint melted). Of the 48 pots that were burned, five were <79˚C (Fig. 3.1b), 
twenty-three were >79˚C but <163˚C (Fig. 3.1c), one was >163˚C but <246˚C (Fig. 3.1d), 
fifteen were >246˚C but <316˚C (Fig. 3.1e), and four were >316˚C but < 399˚C (Fig. 3.1f). 
Because the number of replicates was low in several burn temperature categories, pots 
were binned into those that had experienced fire temperature of <162˚C and those that 
had experienced fire temperatures of 246-398˚C in order to allow for LS Means 
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comparisons (the one pot that was >163˚C but <246˚C was removed from the dataset). 
Burn temperature did not have a significant effect for any of the measured variables 
using this binned Proc GLM approach. Given the variability of temperatures within 
each of these ranges, I also ran linear regressions to see if any of the growth variables 
might be significantly correlated to fire temperature. Again, no significant relationships 
were identified. This lack of burn temperature effect suggests that the variability 
observed in fire temperature at the crown level did not result in differences in tall 
fescue growth as measured in a greenhouse for 48 days after the burn treatment; 
however, additional replicates would help further assess this claim. Fuel samples from 
the first burn ranged from 4.15-6.54g (average 5.28+0.23) and fuel moisture ranged from 
9.73-9.98% (average 9.88+0.0003). Surprisingly, burn treatment (1x, 2x, or control/no 
burn) did not significantly affect soil moisture averaged across wet/dry treatments, 
which was similar (10.4+0.5% for 1x, 10.8+0.5% for 2x, and 11.4+0.4% for control) in 
soils at the end of the experiment across burn treatments. 
 Burn treatment had a significant effect on total tiller length, number of 
reproductive tillers, tiller biomass, and total biomass as measured at the end of the 
entire experiment period (Table 3.1). The once and twice burned pots had greater total 
tiller length than the unburned control at the final harvest, while the opposite was true 
for number of reproductive tillers. The control had more reproductive tillers than either 
of the burn treatments (Table 3.2). Tiller biomass was greatest for the 1x burn treatment, 
intermediate for the control, and lowest for the 2x burn treatment (Table 3.2), but there 
was no effect of burning on root biomass (Table 3.1). Total biomass was greater for the 
control and the 1x burn treatment compared to the 2x burn treatment (Table 3.2). 
 When trends in total pot tiller length were compared over time, they varied by 
burn treatment for the first five measurement intervals following the 25 March 
prescribed burn (Fig. 3.2). At each of the first four measurement intervals during this 
period, the control pots had greater tiller length compared to the burned pots, but for 
the last measurement during this period (12 May, just prior to the second burn), the 1x 
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burn pots remained lower than the controls, but the 2x burn pots had become similar to 
the control (despite the fact that 1x and 2x burn treatments were the same at this point). 
By 26 May, two weeks after the second burn was performed on the 2x pots, there was 
no significant difference in total tiller length between either of the burn treatments.  
Burn treatment did not have a significant effect on total pot tiller length throughout the 
rest of the experiment.  
When total tiller growth rates were calculated over the experiment by burn 
treatment, a number of trends emerged. Immediately following the first prescribed 
burn, growth rates for burned pots were depressed compared to the controls (for the 
two weeks following the burn), but by the next measurement interval (third week after 
the burn) the burned pots had significantly higher growth rates compared to the control 
(Fig. 3.3). At the fourth week after the burn these differences no longer appeared, and 
all growth rates were similar. Similar growth rates persisted until the second burn was 
applied to the 2x pots. Burning a second time stimulated higher tiller growth rates in 2x 
pots than 1x pots for the month following the second burn (Fig. 3.3). For the two last 
measurement intervals (mid to late June for all treatments, and late Jun to mid July for 
the 1x, 2x burned pots) there were no significant differences in growth rates.    
Two pots had no aboveground live material at the final harvest- both were E- 
pots under the dry water regime that were burned once or twice. One of these had no 
aboveground material at the first measurement following the first prescribed burn, and 
the other had very low growth following the first burn that declined over time (no 
material present when second burn was applied). Given the low number of pots that 
experienced mortality, and the fact that one of them did have growth following the first 
prescribed burn, no conclusions can be made as to why these plants experienced 
mortality. The higher total tiller length at the final harvest for burned pots compared to 
the controls (Table 3.2) clearly suggests that burning did not negatively impact tall 
fescue growth, even when applied twice in a single season. Fire did depress growth 
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initially following the first burn, but then stimulated it, and no depression in growth 
appeared following the second burn (Fig. 3.3).  
 Effects of Water Regime on Growth 
Water regime had the most pronounced and widespread effects on measured 
growth variables, being significant for all parameters (Table 3.1). In all cases, the dry 
watering regime had significantly lower measured growth responses at the final harvest 
than the wet treatment (Table 3.3). This was also true for the total tiller length at all 
measurement intervals, the dry pots had lower tiller length than the wet (data not 
shown). Water regime was the only treatment that significantly affected root biomass 
and new tiller number. A total of 29 reproductive tillers appeared in 24 pots over the 
course of the experiment, and all were in May. The „wet‟ treatment had 2x the number 
of reproductive tillers than „dry‟ (Table 3.3). Water regime significantly affected date of 
flower during May (p=0.0129), with plants under the wet treatment flowering earlier 
(on average, „wet‟ plants flowered on May 6+2 days) than those under the dry treatment 
(average „dry‟ date of flowering May 12+2 days). Clearly, tall fescue in those pots under 
the dry water regime was limited in growth compared to those under the wet water 
regime, as intended. Water regime had a significant effect on soil moisture of the pots at 
the end of the experiment, with the dry pots having significantly lower soil moisture 
than the wet pots (p=0.0003; 9.99+0.39% (dry) vs. 11.38+0.29% (wet)). 
Effects of Endophyte Presence on Growth   
Endophyte status significantly affected total tiller length and final tiller biomass 
(Table 3.1).  In both cases, the E- tall fescue plants had greater growth than E+ (Table 
3.4).  Surprisingly, I did not find any significant interactions between the watering 
regime and endophyte presence or burn treatment (Table 3.1). The difference in soil 
moisture between E+ and E- pots observed at the initial harvest prior to implementation 
of the experimental treatments was no longer present at the end of the experiment 
(p=0.3865), indicating that effects of the water regime treatment on soil moisture had 
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over-ridden any differences present at the beginning of the experiment related to 
endophyte presence.    
Discussion 
 Of the different treatments imposed during this experiment (endophyte status, 
water regime, burn), water regime had the most pronounced and consistent effect on 
tall fescue growth, with those plants under the dry water regime having less growth 
than those under the wet regime throughout the entire course of the experiment. This 
result is not surprising given that tall fescue is a C3 species that cannot perform well 
during warm temperatures unless adequate water is supplied (Hannaway et al. 1999). 
The effects of the dry water regime were equally detrimental for both E+ and E- plants 
and across burn treatments. This was surprising, given that others have observed 
differences in growth response dependent on endophyte presence, especially under dry 
conditions (Arachevaleta et al. 1989; Elbersen & West 1996; Buck et al. 1997; Assuero et 
al. 2000; Bayat et al. 2009), although in some cases these effects have varied by host 
plant genotype (Elbersen & West 1996; Buck et al. 1997). It is possible that my „dry‟ 
treatment was not dry enough to stimulate such endophyte effects, although it should 
be noted it was dry enough to depress tall fescue growth.  
 Endophtye effects on biomass were opposite those expected (E- > E+), and as 
stated previously, there were no significant interactions with water regime or burn 
treatment. The only time E+ plants had higher biomass than E- was for initial root 
weight. E+ fescue has been shown in a number of cases to have greater shoot 
(Arachevaleta et al. 1989; Clay 1990; Belesky & Fedders 1995; Hill et al. 1998; Assuero et 
al. 2006; Pecetti et al. 2008) and root (Belesky & Fedders 1995; Kelrick et al. 1990; 
Assuero et al. 2006) mass compared to E-. However, differences in the previously 
mentioned studies vary widely (e.g., E+ plants 4.4% (Pecetti et al. 2008) to 70% (Assuero 
et al. 2006) more biomass than E-), and there are a few studies in which no endophyte 
effect was observed. Endophyte presence did not affect leaf elongation, tiller density or 
44 
 
dry weight per tiller in studies conducted by Elbersen and West (1996) and Newman et 
al. (2003). It did result in earlier flowering in the Newman et al. (2003) study, but in my 
experiment, date of flowering was not significantly affected by endophyte presence 
either. Some might speculate that endophyte effects are better seen in field studies than 
in greenhouse studies, but in a climate change experiment in the field at the same 
research farm from which I collected tall fescue (and using tall fescue propagated from 
seed collected in the plots from which I collected plants), Brosi (2011) also observed 
relatively few endophyte effects on tall fescue tiller growth. Host plant genotype 
(Elbersen & West 1996; Buck et al. 1997; Assuero et al. 2000; Roberts et al. 2002; Timper 
et al. 2005; Pecetti et al. 2008) and fungal genotype (Assuero et al. 2000; Roberts et al. 
2002; Timper et al. 2005; Belesky et al. 2008; Rudgers et al. 2010) have both been shown 
to influence the dynamics of symbiosis within the tall fescue-N. coenophialum system, 
and it may be that the combination used in my study simply doesn‟t exhibit the 
differences in growth seen in other cases.   
Physiological benefits of symbiosis with N. coenophialum to host plants can vary 
depending on soil fertility (Arachevaleta et al. 1989; Cheplick et al. 1989; Malinowski et 
al. 1997), but the patterns across studies are not consistent. Cheplick et al. (1989) found 
higher biomass of E+ seedlings compared to E- at high nutrient levels and lower 
biomass for E+ at low nutrient levels, but Arachevaleta et al. (1989) and Malinowski et 
al. (1997) saw higher biomass for E+ at lower nutrient levels and no differences 
(Arachevaleta et al. 1989) or reduced biomass for E+ (Malinowki et al. 1997) at high 
nutrient levels. The plants used in the current study were grown in the relatively fertile 
(especially for P; see table 4.3) soil from which they originated. Malinowski et al. (1997) 
and Rahman and Saiga (2005) looked at tall fescue growth in response to different P 
levels, and my results are consistent with what both found in high P soils, E+ biomass 
was lower than E-. It may be that if I had performed this experiment in less fertile soil I 
would have seen a different outcome with regard to the potential endophyte effects on 
growth. Given the variability in growth responses in previous studies and this one, it 
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seems there is still much to be learned about the conditions under which fungal 
endophyte symbiosis should be considered mutualistic as opposed to parasitic (which 
seemed to be the case in my study) for this species.        
The response of tall fescue to fire might be dependent on its life history 
(specifically life form and bud characteristics), which Pyke et al. (2010) used to 
characterize plant species‟ fire tolerance. With tall fescue being a cryptophyte (sensu 
Raunkiaer 1934), Pyke et al. (2010) predicted the growth response following fire to be 
neutral or positive if buds are insulated by soil, but negative if buds are closer to the 
surface and fire temperatures are hot enough. In a review of fire effects on invasive 
weeds, DiTomaso et al. (2006) list cool-season perennial grasses as a category that can 
be controlled with burning, and while they do not specifically address tall fescue, they 
do cite successful reductions in Kentucky bluegrass with mid-late spring burns. 
However, in my study, tiller length was greater for the burned pots compared to the 
control, but biomass (tiller and pot total) was suppressed in 2x compared to 1x or 
unburned control, so there was a slight reduction in material burned 2x at the end of the 
experiment (leaf sheaths were the same lengths but apparently not as thick). The rapid 
recovery in length following the second burn was suprising, and likely indicates that 
given more time prior to harvest (2x burned plants were harvested only 59 days after 
the second burn, but 1x burned plants were harvested 117 days after the first burn) the 
2x burn pots may have regrown all, if not more than, the material lost to fire.  
I did not observe a significant water*burn treatment effect on tall fescue growth. 
It may be that prescribed fire during a dry time (when tall fescue growth may already 
be suppressed) and during either the spring/early summer or autumn growing period 
would have a negative impact on tall fescue. My study did not impose this combination 
of conditions (watering regimes started the day of the first burn so soil moisture was the 
same at that time, and the second burn was during slow mid-summer growth), but 
these conditions may also pose a safety risk that would preclude burning, and/or 
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negatively impact desired plant species (in the case of autumn burning when native 
warm season grasses are present).  
Tall fescue experiences two periods of growth during a single season with a 
period in the mid-summer of slow growth (Lacefield et al. 2003), and it is possible that 
the timing of fire might interact with the seasonal growth cycle of tall fescue to alter the 
plant‟s response. Based on growth rates prior to burns, this experiment imposed the 
first burn during the period of early summer growth, and tall fescue took longer to 
recover compared to when the second burn was applied, which occurred as the plants 
were entering their slower growth mid-summer period. Prescribed fires are most often 
conducted in February or March in Kentucky, which is when our first prescribed burn 
coincided with (during the initial spring growth period). Based on my data, a burn 
applied at this time appears to allow plenty of time for plants to recover aboveground 
material and they can do so in a relatively short period of time (~3 weeks in this 
greenhouse experiment). A burn during the mid-summer period (which is when the 
second burn in this experiment occurred) resulted in rapid recovery in length (2x burn 
plants had the same tiller length as 1x and unburned control within 2 weeks following 
the second fire). A summer prescribed burn applied to a field dominated by another C3 
grass, Texas wintergrass, resulted in 2x higher yield of that species compared to a 
winter (Feb/Mar) burn or no burn (Ansley & Castellano 2007). A burn during the 
autumn growing period would allow less time for recovery before the winter dormant 
period, and might be predicted to reduce tall fescue dominance better over the long-
term than summer or spring burns, but Madison et al. (2001) found that fall burning did 
not reduce tall fescue cover. My results indicate that, as others have found, prescribed 
burning alone is not likely to significantly reduce tall fescue cover (Washburn et al. 
2000; Madison et al. 2001; Barnes 2004), even if applied twice in a single growing 
season, under wet or dry conditions, and irrespective of endophyte status.  
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Conclusions 
 My data suggest that regardless of endophyte status, tall fescue being targeted 
for removal in grassland restorations will need to be treated with herbicide in addition 
to prescribed burns, which alone (even twice in one season) stimulated fescue growth in 
this experiment . Water stress negatively affects tall fescue growth, and did so equally 
for E+ and E- plants in this experiment. When I did observe significant effects of 
endophyte on growth of fescue plants, it was opposite that expected, with E- plants 
having greater tiller length and biomass compared to E+. These results add to the 
growing body of literature that shows differences in E+ and E- tall fescue plant 
response to stress may depend on a number of factors (i.e., soil fertility, tall fescue and 
fungal endophyte genotype interactions, climatic factors, etc.) and are not universal 
across its range in the Eastern U.S. My data suggest that prior knowledge of endophyte 
status of tall fescue pastures targeted for renovation to native grassland species is not 
necessary. 
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Tables 
Table 3.1. P-values for effects of burn treatment (1x, 2x, unburned control), water regime 
(dry, wet), and endophyte infection status(E+, E-) and their interactions on biomass 
measurements and tiller number at the final harvest. NS indicates p-values >0.05. 
  
Total 
Length 
Number 
New 
Tillers 
Number 
Reprod. 
Tillers 
Tiller 
Biomass 
 Root 
Biomass 
Total 
Biomass 
Burn Treatment 0.0066 NS 0.0015 <.0001 NS 0.0002 
Water Regime <.0001 <.0001 0.0235 <.0001 0.0001 <.0001 
Endophyte 0.0256 NS NS 0.0129 NS NS 
Trtmt*Water NS NS NS NS NS NS 
Water*Endophyte NS NS NS NS NS NS 
Trtmt*Endophyte NS NS NS NS NS NS 
Trtmt*Water*Endophyte NS NS NS NS NS NS 
 
Table 3.2. Mean measured growth response variables (+ 1 S.E.) for tall fescue plants 
exposed to 1 prescribed burn (1x), 2 prescribed burns (2x), or no prescribed burn 
(control), averaged across watering regimes and endophyte status. Parameters shown 
are those for which burn treatment had a significant main effect (see Table 3.1 above). 
Letters represent LS Means differences for the main burn treatment effect. 
  1x 2x Control 
Total Tiller Length (cm) 230.9+17.9 a 221.3+19.5 a 178.8+12.4 b 
Reprod Tillers (#) 0.25+0.1 b 0.23+0.1 b 0.75+0.2 a 
Tiller Biomass (g) 2.60+0.16 a  1.89+0.15 c  2.23+0.13 b 
Total Biomass (g) 5.60+0.31 a 4.43+0.23 b 5.28+0.30 a 
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Table 3.3. Mean measured at the final harvest growth response variables (+ 1 S.E.) for 
tall fescue plants exposed to Wet and Dry water regimes and averaged across burn 
treatments and endophyte status. Parameters shown are those for which watering 
regime had a significant main effect (see Table 3.1 above). Letters represent LS Means 
differences for the main water regime effect. 
  Wet Dry 
Total Tiller Length (cm) 264.9+10.8 a 155.2+10.2 b 
Number New Tillers (#) 11.0+0.9 a 4.0+0.8 b 
Reprod. Tillers (#) 0.6+0.1 a 0.3+0.1 b 
Tiller Biomass (g) 2.78+0.08 a 1.72+0.10 b 
 Root Biomass (g) 1.84+0.08 a 1.36+0.08 b 
Total Biomass (g) 6.10+0.17 a 4.16+0.18 b 
 
Table 3.4. Mean measured growth response variables (+ 1 S.E.) for E+ and E- tall fescue 
plants averaged across watering regimes and burn treatments. Parameters shown are 
those for which endophyte presence had a significant main effect (see Table 3.1 above). 
Letters represent LS Means differences for the main endophyte effect. 
  E+ E- 
Total Length (cm) 193.9+14.8 b 225.3+14.8 a 
Tiller Biomass (g) 2.12+0.13 b 2.37+0.13 a 
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Figures 
 
 
 
 
  
 
Figure 3.1. Tags with heat-sensitive paints, situated on the soil surface of a “pot” prior 
to warm season grass litter being put into place and the prescribed burn treatment 
performed (a), and with no paints burned (b; <79˚C), the first paint burned (c; 79-162˚C), 
the second paint burned (d; 163-245˚C), the third paint burned (e; 246-315˚C), and the 
fourth paint burned (f; 316-398˚C). Each pot had a single metal tag wrapped in 
aluminum foil to evaluate the temperature obtained during burning. 
 
 
 
  
a. 
b. 
c. 
d. 
e. 
f. 
 
 
 
 
Figure 3.2. Average total pot tiller length (+ 1 S.E.) across the duration of the experiment, as measured at each of nine 
measurement intervals (measurements for all treatments were made within a two-day window for each interval).  
Asterisks indicate dates for which there was a significant difference between treatment means. Flame symbols 
indicate when the two prescribed burn treatments were applied to either both the 1x and 2x treatments for the first 
burn (25 March), or the 2x treatment only for the second burn (12 May). 
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Figure 3.3. Mean total tiller growth rate (cm/day) (+1 S.E.) for tall fescue pots under 
different burn treatments (unburned control, 1x, 2x). Timeline of the experiment is 
represented on the x-axis, and the width of bars accompanying each point reflects the 
time period for which the growth rate was calculated. Flame symbols indicate when 
prescribed burn treatments were applied. Letters above error bars indicate significant 
differences between burn treatments within a given measurement interval.  
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Chapter Four  
Does endophyte infection of tall fescue pasture alter potential mycorrhizal 
colonization of native species commonly planted in grassland restorations? 
 
Introduction 
Given the widespread distribution and abundance of tall fescue in the eastern 
United States, the issues regarding tall fescue and forage quality (e.g. Rhodes et al. 1991, 
Ball et al. 1993, Bacon 1995), its negative effects on wildlife habitat (Barnes et al. 1995, 
Madison et al. 2001), and its potential to invade into surrounding areas (Spyreas et al. 
2001, Rudgers et al. 2005), tall fescue pastures are being targeted for grassland 
restoration throughout its range. The goals of land managers are to eliminate tall fescue 
and increase native species cover. Some practitioners refer to areas that are managed 
without the intentional introduction of native seed as “restorations,” and those in which 
native seed is introduced as “renovations.”  
A common approach used in tall fescue pasture renovations is to apply a broad-
spectrum herbicide to kill off all plants, followed by the use of a no-till drill to seed 
desirable native species (Harper et al. 2004; Barnes 2004). This approach has been 
shown to be even more successful if the herbicide application is preceded by a dormant-
season prescribed burn (Washburn et al. 2002). With this approach, seeds are planted 
directly into soil previously dominated by tall fescue. Limited evidence suggests 
endophyte-infected (E+) fescue may suppress mycorrhizal fungi in the soil (Chu-Chou 
et al. 1992; Antunes et al. 2008), which could affect successful germination and/or 
establishment of planted native seeds. 
 Arbuscular mycorrhizal fungi (AMF) include fungi from the phylum 
Glomeromycota (Schüssler et al. 2001) and are known to form associations with root 
systems of a wide variety of plant species (Smith & Read 1997). This group includes 
those formerly referred to as “vesicular-arbuscular mycorrhizae” or VAM. These fungi 
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are thought to enhance growth (McGonigle 1988) of many plant species, and are 
hypothesized to have formed associations early in the evolution of land plants 
(Brundrett 2002). Levels of plant association with AMF vary, with some species 
considered non-dependent (not usually in association with AMF), some considered 
facultative (may or may not have association with AMF), and some considered obligate 
or dependent (almost always found in association with AMF). In an exhaustive review 
of 6,507 angiosperm species (Trappe 1987), 67% had AMF associations. In a more recent 
survey, only 53 of 336 Angiosperm families were found to be non-mycorrhizal 
(Brundrett 2009). The genus Glomus dominates this soil group (e.g. Dhillion 1992; Eom 
et al. 1999; Gai et al. 2009; Huag et al. 2010), and has been clearly linked with 
transformation of organic phosphate (Koide & Kabir 2000). AMF from the family 
Gigasporaceae have also been linked with P uptake by host plants, while those in the 
family Glomeraceae (to which the genus Glomus belongs) have been linked to protection 
against pathogens (Maherali & Klironomos 2007).   
The degree to which association with AMF affects growth of a host plant varies 
by species, with some exhibiting no difference or even negative growth when associated 
with AMF, while many others exhibit clear positive growth responses (McGonigle 
1988). Symbiosis with AMF has been described as a continuum from parasitic to 
mutualistic, with an individual plant‟s response depending on its own species identity, 
the individual fungal species, and the community of fungi present (Klironomos 2003). 
The degree of association can also be impacted by abiotic factors in the environment, 
especially availability of P and N, which the fungus transfers to the plant (Pringle et al. 
2009). When the response of a plant to microbial symbionts is studied, sterilization or 
pasteurization of soils, which removes the microbes of interest, is often used as a 
mechanism through which comparisons can be made.   
 Abundance of AMF in soil has been shown to differ greatly depending on soil 
quality and plant community composition. Piotrowski et al. (2008) looked at a 70 year 
chronosequence in Montana, USA, and found AMF abundance peaked during the first 
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13 years of succession, after which the fungal community shifted to ectomyccorhizal 
fungi. Velazquez et al. (2010) compared diversity of AMF from five vegetation types, 
and found higher diversity in grassland and palm forest compared to gallery forest, 
marsh, or scrubland.  
 Soil fertility has been linked with overall soil microbial abundance and 
community structure, with microbial abundance often inverse to fertility. Soils receiving 
regular nitrogen addition have lower microbial abundance than low fertility soils, and 
highly fertile soils are dominated by bacteria, while lower fertility soils are often 
dominated by fungi (Bardgett et al. 1997; Brodie et al. 2002; Grayston et al. 2004; Bradley 
et al. 2006). AMF have been clearly demonstrated as important in the acquisition of P 
for host plants (e.g. Lekberg et al. 2010), and the degree of association has been linked 
with P availability. In soils where P is more available, fewer AMF associations generally 
occur (Hetrick et al. 1990; Eom et al. 1999), and in soils where P is more limited, more 
AMF associations generally occur (e.g. Hetrick et al. 1990; Anderson et al. 1994; 
Anderson 2008). Plant-AMF symbiosis has also been linked to acquisition of nutrients 
from soil organic matter (reviewed by Talbot et al. 2008). Anderson et al. (1984) looked 
at plant cover, species richness, and AMF spore abundance across a soil moisture and 
nutrient gradient, and found significant positive correlations of plant cover, species 
richness, and AMF spore abundance with each other, as well as organic matter. They 
also observed that association with AMF for three plant species was more common in 
the drier, nutrient poor soils in their gradient, than the wetter, higher nutrient soils, 
where they routinely did not find associations.  
 The role of AMF in grassland ecosystems, which are often P limited, is typically 
considered quite important, with colonization occurring in many common grasses and 
forbs (Anderson et al. 1984; Miller 1987; Wilson & Harnett 1998). Grasses are generally 
considered less mycotropic than forbs due to their highly fibrous and branched root 
systems (Baylis 1974), but when examined for mycorrhizal colonization, they frequently 
contain the symbionts. Studies have focused on a number of dominant North American 
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C4 grasses, including Andropogon gerardii (Dhillion 1992; Brejda et al. 1993; Anderson et 
al. 1994; Hartnett et al. 1994; Wilson & Hartnett 1997, 1998; Bingham & Biondini 2009), 
Schizachyrium scoparium (Dhillion 1992; Meredith & Anderson 1992; Dhillion & 
Anderson 1993; Anderson et al. 1994; Hartnett & Wilson 1999; Burrows & Pfleger 2002; 
Anderson 2008; Bingham & Biondini 2009), Panicum virgatum (Brejda et al. 1993; 
Hartnett et al. 1994; Bingham & Biondini 2009), and Sorghastrum nutans (Wilson & 
Hartnett 1997; Bingham & Biondini 2009). When C4 grasses have been compared to C3 
species in terms of AMF colonization (Hetrick et al. 1990), C4s exhibited far greater 
positive responses to and reliance on AMF, to the extent that under low P conditions, 
non-mycorrhizal C4 plants did not grow. C3 grasses, on the other hand, more frequently 
did not respond to AMF or P amendment (Hetrick et al. 1990; Wilson & Hartnett 1998). 
Responses of forbs to AMF colonization are more varied, with some exhibiting strong 
positive responses, and others negative growth responses (Wilson & Hartnett 1998; 
Wilson et al. 2001).   
 A handful of studies have looked at interactions between tall fescue, its 
aboveground fungal endophyte (Neotyphodium coenphialum) and belowground soil 
biota, including AMF. Evidence suggests E+ tall fescue plants exhibit less association 
with AMF than endophyte-free (E-) plants (Chu-Chou et al. 1992; Mack & Rudgers 2008; 
but see Guo et al. 1992), and the abundance of mycorrhizal spores beneath E+ fescue 
was lower than beneath E- (Chu-Chou et al. 1992). In one study, tall fescue showed a 
significant positive response to mycorrhizal colonization (Wilson & Hartnett 1998), but 
the endophyte status of the plants used in this study was unknown. When fescue 
extracts were applied to AMF spores in the lab, germination of spores decreased by 
10%, although there was no difference between E+ or E- extracts (Antunes et al. 2008). 
When Bromus plants were grown in a greenhouse and watered through E+ and E- 
fescue thatch, colonization of Bromus roots by AMF was reduced for plants with E+ 
compared to E- thatch (Antunes et al. 2008). Growth of three out of nine tree species 
grown in soil conditioned by E+ tall fescue was reduced compared to those grown in 
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soil conditioned by E- tall fescue, and three other plant species showed a non-significant 
trend for reduced growth in E+ soil (Rudgers & Orr 2009).  Rudgers and Orr (2009) 
attribute this reduced growth response to an alteration of soil biota occurring as a result 
of endophyte presence. A recent study has shown that soils supporting E+ tall fescue 
(„Jesup‟ cultivar) had 26% less AMF lipid biomarker than E- soils (Buyer et al. 2011). 
It is possible that the presence of the aboveground fungal symbiont directly 
affects AMF abundance in soils dominated by tall fescue; however, the photosynthetic 
mode of tall fescue and the fact that tall fescue often dominates the plant community in 
stands where it occurs may also influence the abundance of AMF in the belowground 
soil community. Tall fescue is a C3 grass, which are generally considered less 
mycotrophic than C4 species (Hetrick et al. 1990; Wilson & Hartnett 1998; Hoeksema et 
al. 2010). In areas dominated by plant species that are not reliant on microbial 
symbionts, the abundance of the symbionts may decrease over time, or conversely, 
when plants that are dependent on them increase in dominance, so too do the 
symbionts. This has been observed in the case of shifting fungal communities in forest 
succession (from AMF to ectomycorrhizal fungi; Piotrowski et al. 2008) and in the 
increased abundance of rhizobia (N-fixing bacteria) following the conversion of forest to 
pasture (Nüsslein and Tiedje 1999). Endophyte-infected tall fescue often serves as the 
dominant vegetation type where it occurs and supports lower plant diversity than its 
endophyte-free counterpart (Clay & Holah 1999). Plant diversity has been linked with 
abundance and diversity of AMF (van der Heijden et al. 1998; Mummey & Rillig 2006; 
Vogelsang et al. 2006), with soils occupied by less diverse aboveground vegetation 
having lower diversity and abundance of AMF. Together, these results suggest that 
areas dominated by E+ tall fescue may lack beneficial soil microbial symbionts (AMF 
and rhizobia) important for native grassland species, which could impact establishment 
and growth of those species when planted by seed into soil previously occupied by tall 
fescue during fescue renovation efforts.  
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Interactions between aboveground vegetation (and any microbial symbionts it 
contains), belowground vegetation, soil characteristics, and the soil microbial 
community are complex, and our understanding of these interactions as a whole is 
quite limited. The tall fescue-Neotyphodium symbiosis, which is commonly present in 
aboveground vegetation of pastures targeted for restoration of native species that form 
symbioses belowground with AMF and rhizobia, offers a unique system in which to 
explore these interactions. Comparisons of belowground symbiosis in seedlings of 
native grassland species, when planted into soils with different aboveground vegetation 
components, soil fertility, and land use history, can shed light on some of the 
interactions within this system, and may be useful information for land managers 
wishing to restore native grassland species in areas that are currently tall fescue pasture.  
I designed an experiment to explore this system, by planting seeds of four native 
grassland species into soil from three different sites (two in Kentucky and one in 
Indiana), each containing three different stand types (E+ and E- tall fescue and forest), 
and I employed a sterilization treatment in an attempt to identify the role of the soil 
microbial community on plant production. As the three sites occurred in different 
regions of the central United States and were managed differently, I first quantified 
differences in basic soil parameters across sites and stand types. Then, I tested for 
differences in biomass production and root mycorrhizal colonization of the native 
seedlings grown in those soils. Plant species were chosen from the ones most commonly 
used in grassland restorations, and included two native C4 grasses- Panicum virgatum L. 
(switchgrass), and Schizachyrium scoparium (Michx.) Nash (little bluestem), a forb- 
Echinacea purpurea (L.) Moench (purple coneflower), and a legume-  Chamaecrista 
fasciculata (Michx.) Greene (partridge pea). I developed general hypotheses for my 
research objectives based on patterns/trends from previous research, as well as known 
differences in vegetation and management between the sites.  
I hypothesized that the presence of belowground microbial symbionts would be 
beneficial to the growth of seedlings overall, which would be evidenced by greater 
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biomass and root mycorrhizal colonization for seedlings in non-sterilized soil compared 
to sterilized. I hypothesized that root mycorrhizal colonization would be lowest in the 
high fertility (especially high P) soils, and highest in the low fertility soils. I expected to 
see differences in mycorrhizal colonization between stand types reflective of AMF 
abundance in the soil, with forested soils being the lowest, and E+ being lower than E-.  
Finally, I predicted there would be species-specific differences in mycorrhizal 
colonization reflecting differences in association and dependence on AMF.  
Methods 
Soil from three sites, each containing three vegetation stand types (E+ tall fescue, 
E- tall fescue, and a “fescue-naïve” or forested state labeled “FO”), were utilized in a 
split plot experimental design to evaluate the effects of tall fescue and fungal endophyte 
presence on biomass and mycorrhizal colonization of planted native species and the 
variability of these effects across sites. Four replicate soil samples were collected in each 
stand type at each location.  Half of this material was steam sterilized. All fescue was 
the variety KY-31, and the endophyte present was the common toxic Neotyphodium 
coenophialum. Four native species:  Chamaecrista fasciculata (Michx.) Greene (partridge 
pea), Echinacea purpurea (L.) Moench (purple coneflower), Panicum virgatum L. 
(switchgrass), and Schizachyrium scoparium (Michx.) Nash (little bluestem) were planted 
from seed as individual plants in the different soil types. Hereafter the plant species will 
be referred to by their respective genus only. See figure 4.1 for a schematic of the 
experimental design. 
Site Descriptions 
 The Indiana site (IN) is near Bloomington, Indiana (39.219167˚N -86.541389˚W), 
and was established in Fall 2000 for long-term research on the ecological effects of E+ 
and E- tall fescue. These plots were planted in a former agricultural field, and received 
no further management (ie. fertilization, mowing, etc.) (Rudgers & Clay 2008). 
Vegetation has been described between the eight (30x30m) E+ and the eight E- plots, 
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with the E- having higher plant species richness and more non-fescue aboveground 
biomass than the E+ plots (Rudgers & Clay 2008). Forested stand samples were 
collected along a stream that ran parallel to the edge of research plots, approximately 35 
meters away (Fig. 4.2a). The vegetation for all forest stand samples was predominantly 
boxelder overstory, with sparse groundlayer vegetation. 
Crooked Creek State Nature Preserve (CC) is in Lewis County, Kentucky 
(38.646508˚N -83.577198˚W), and was the location for the study presented in chapter 
two of this dissertation. The origin of tall fescue and exact planting date are not known 
for either of the stands at Crooked Creek, but according to interviews of residents at the 
time of KSNPC purchase (1999), it was planted in the 1950‟s (J. Bender, KSNPC, 
personal comm.). Soil from beneath E- fescue was collected from the sub-unit of the 
“Fescue” unit that had significantly higher tall fescue cover than all others in that study, 
sub-unit C (see chapter two). The E+ stand was within the preserve boundaries but in a 
management unit not discussed in chapter two (the “Hayfield” unit, see Fig. 4.2b). It 
was also formerly used as a pasture but since 1999 has been managed as part of the state 
nature preserve, receiving periodic prescribed burns and herbicide applications (less 
frequently than the “Fescue” unit). Neither of the fescue stands get mowed or receive 
applications of fertilizer. The forested stand was a patch nearby the E- stand (approx. 
255 meters apart, see Fig. 4.2b). The overstory varied slightly between individual 
sample points, but was predominantly oaks (scarlet, post, white) with some sugar 
maple, white ash, and beech. Midstory species included serviceberry, dogwood, rusty 
blackhaw, and Japanese honeysuckle.  
The third site, Spindletop (ST), is the same location where tall fescue was 
removed for the experiment presented in chapter three of this dissertation (39.219167˚N  
-86.541389˚W). The same research plots were used (planted in 2001), with sample 
locations in each half of the four strip plots (two E+ and two E-). These plots are 
managed on a regular basis as tall fescue seed plots, which includes application of 
50lbs/acre N every Fall (Oct or Nov), mowing to 6-in after early and late summer seed 
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harvests (July, Sept), and occasional use of 2,4-D herbicide for broadleaf weed control. 
The forest stand was a patch (approximately 1-km away, Fig. 4.2c) with hackberry 
overstory, bush honeysuckle and hawthorn midstory, and wintercreeper groundlayer 
(wintercreeper was cleared to collect all soil samples). 
Soil Collection, Treatments & Measurements 
 Soil was collected from these three sites during June 2010. Within each stand type 
at each site, four sample areas (5x5m each, at least 12m apart) were identified, and 
replicate soil samples were taken from beneath two 0.25x0.25m quadrats within each 
sample area. Quadrat locations were chosen to maximize the amount of tall fescue 
directly above where the soil was collected. Tall fescue cover was visually estimated 
and 6 fescue tillers removed from each quadrat (Table 4.1). Tillers were composited 
together for each replicate quadrat, and were tested for presence of N. coenophialum 
using Phytoscreen Immunoblot kits (Agrinostics, Watkinsville, GA). Endophyte 
infection frequency was determined by dividing the number of tillers testing positive 
for the presence of N. coenophialum by the total number of tillers tested per sample area 
(n=12) (Table 4.1). Fescue sod or leaf litter (in the forested stands) was removed to 
expose soil directly beneath it, which was sampled to approximately 10-cm in depth for 
the whole quadrat area using a straight-edged shovel and trowel (~2.5 liters). Tools 
were wiped clean between sampling to minimize contamination.  
All soils and fescue tillers were kept cool during transport and refrigerated once 
in the lab. Soils from the two quadrats for each replicate sample area were sieved 
through a 4.75mm sieve and combined to create one homogenized sample (~ 5 liters). A 
5-g subsample of each was taken and stored at -80˚C for phospholipid fatty acid (PLFA) 
analysis. An additional 10-g subsample (“pre-sterile”) was collected for analysis of pH, 
macronutrients, micronutrients, and total C & N by University of Kentucky Division of 
Regulatory Services. The remaining composite soil samples were then split in half, with 
one half spread to 4cm depth in a metal tray and steam sterilized at 105˚C and 20psi for 
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100 minutes. 3M Comply SteriGage tape was used to ensure that sterilizing conditions 
were achieved. Sterilized soils were double bagged and placed in cold storage 
immediately after sterilization.  
PLFA is used to detect differences in abundance of broad microbial taxonomic 
groups, which can be identified based on their tendency to produce specific lipid 
biomarkers (White 1995). We did not perform this procedure on all soils, but chose two 
subsets of samples to explore patterns in total biomass of microbes (Total PLFA) and 
relative abundance of arbuscular mycorrhizal fungi, characterized by the lipid marker 
16:1ω5 (van Diepen et al. 2010). The first set of subsamples analyzed with PLFA was 
aimed at detecting differences in microbial composition prior to and following steam 
sterilization, and included the composite sample from each of the four sample areas for 
E- soil at Spindletop only (non-sterilized and sterilized, 8 samples total). The second set 
of subsamples analyzed with PLFA was aimed at detecting differences in microbial 
composition between different stand types across sites, and included one composite 
sample made across the reps (sample areas) for each site*stand combination (non-
sterilized only, 9 samples total). Methods follow that of D‟Angelo et al. (2005) and 
Weand et al. (2010).  
Greenhouse 
Soil samples (~2.5 liters non-sterilized and 2 liters sterilized for each 
site*stand*replicate sample, n=36) were taken to the research greenhouses at the 
Kentucky State University Research Farm (Franklin County, Kentucky 38.116065˚N -
84.890506˚W). A 10-g subsample of each was collected immediately before planting to 
be analyzed for the same soil properties as listed for the “pre-sterile” subsamples. In 
addition, textural analysis was done on the non-sterilized subsamples. The remaining 
sample (2.0 or 2.5 liters minus 10-g subsample) was mixed with an equal volume of 
potting media (Lambert Growing Mix) to achieve a 50/50 soil:growing media mix. This 
mix was then divided among 20 standard 164ml cone-tainers (Ray Leach, Inc.) (see 
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Figure 4.1). All containers and tools used during the mixing process were sprayed with 
water from a hose at high pressure until no soil was visible between uses to minimize 
contamination between different soil samples. After all soil samples had been mixed 
and divided into the appropriately marked cone-tainers, native seeds (provided by 
Roundstone Seed Company, Upton, KY) were planted. Seeds of Chamaecrista were pre-
soaked in de-ionized water for 4 hrs to aid in germination, as its seeds are under 
physical dormancy (Baskin & Baskin 1998), which can be broken by imbibing seeds. For 
Chamaecrista, Echinacea, and Schizachyrium, three seeds were placed in each cone-tainer. 
For Panicum, whose seeds were small and hard (and thus difficult to handle 
individually), two tweezers full (approximately 7-15 seeds) were placed in each cone-
tainer. Lambert growing mix was used to cover all seeds. The total number of cone-
tainers planted per species was 3 sites x 3 stand types x 4 replicate samples x 2 
sterilization statuses x 5 replicate plants=360. Cone-tainers were arranged in five blocks 
along a single greenhouse bench, and were watered daily. HOBO temperature sensors 
were used to monitor temperature in the greenhouse, with a reading taken every 30 
minutes. These readings showed the mean temp for the duration of the experiment was 
26˚C. Seedlings were under ambient light conditions throughout the experiment.  
Two weeks after planting, seedlings were thinned to the largest single individual 
in each cone-tainer. Cone-tainers without a single seedling (256 Chamaecrista, 260 
Schizachyrium, 45 Panicum, and 16 Echinacea) were replanted, with either three seeds for 
Chamaecrista (these were soaked as previously described prior to planting) and 
Echinacea, or two tweezers full of seeds for the grasses. These were covered once again 
with only the growing mix. Thinning and weeding (although few volunteers appeared) 
was done as needed. Seedlings were grown for two months total, at which time 301 
Chamaecrista, 350 Echinacea, 349 Panicum, and 288 Schizachyrium cone-tainers contained 
live plants. Harvest was done in order of planting date to ensure all seedlings had the 
same growth period; replanted seedlings were harvested two weeks after all that had 
emerged from original planting.  
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Plant Harvest & Mycorrhizal Assessment 
 At harvest, roots of each plant were carefully washed under running water to 
remove all soil. Flowers were noted when present for Chamaecrista (not present in any 
other species). Aboveground and belowground plant material was separated and 
placed in brown paper bags or coin envelopes. All material was dried for 48 hrs at 60˚C, 
and biomass was measured immediately after removal from the oven. Biomass samples 
were then stored at room temperature. 
 Subsamples of roots from each plant were removed for mycorrhizal colonization 
assessment. I chose to omit Chamaecrista from this part of the study, given 1) that N-
fixing species do not respond to AMF as much as other plant groups (Hoeksema et al. 
2010), 2) the lack of response to AMF presence in this same species that was observed 
by Holah & Alexander (1999), and 3) the large number of samples and the time 
involved in mycorrhizal assessment, doing assessment for Echinacea and the two 
grasses. From each plant‟s root system, three 1x1cm subsamples were removed using 
scissors- one at the top, one in the middle, and one at the bottom of the root sample. For 
root systems too small to sample this way (not possible to remove 1x1cm square from 
the top, middle, and bottom), all material was cut into 1-cm length sections and was 
used as the sample. These subsamples were placed in biopsy cassettes with 0.9mm 
square openings (Ted Pella, Inc.). Cassettes were then cleared for 20 minutes in hot 10% 
KOH. After rinsing well, 2% HCl was added and remained covering the cassettes for 30 
minutes. HCl was drained and hot 0.05% trypan blue was added to cover cassettes, 
soaking for 40 minutes. Cassettes were then removed and were stored for at least 48 
hours in the refrigerator suspended in 1:1 glycerol:H2O.  
 Each cassette was emptied into a petri dish, and 10 1-cm root sections were 
placed on a standard microscope slide for mounting. PVLG glue (INVAM Undated) 
was used to place cover slips on slides which were then all dried for 48hrs at 55˚C. 
Slides were scored for presence of arbuscules, vesicles, hyphae, or absence using the 
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magnified intersections method (McGonigle et al. 1990), slightly modified. We used 
magnification at 400x and 30 discrete “views” per slide (Figure 4.3), collected by 
moving the microscope stage along six lines, each intersecting five root pieces (15 views 
for the left column of five roots, and 15 for the right column of five roots). Each view 
was scored (based on where the cross-hair in the eyepiece transversed the root) as 
either: arbuscule, vesicle, hyphae, or none. In cases where an arbuscule and hyphae, or 
vesicle and hyphae were present together (vesicle and arbuscule never appeared 
together), it was scored as only arbuscule or vesicle. Percent AMF colonization or 
mycorrhizal colonization (MC) was calculated as: (arbuscules+vesicles+hyphae)/30.   
Statistical Analyses 
Biomass, mycorrhizal colonization, vesicle abundance, and arbuscule abundance 
were analyzed together for all species using a generalized linear model (Proc GLM) in 
SAS 9.2 (Cary, NC) to test for significance of site, species, stand type, sterilization, and 
all interactions. All data were square root transformed due to abnormal distribution. 
Replicate sample within stand was used as an error term for stand, site, and site*stand 
effects, with the residual error used for the remaining fixed effects (sterilization, species, 
stand*sterilization, site*sterilization, species*sterilization, stand*species, site*species, 
site*stand*species, stand*species*sterilization, site*species*sterilization, 
site*stand*sterilization, and site*stand*sterilization*species). I also ran the same 
generalized linear model (minus the species effects) for mycorrhizal colonization and 
biomass for each species separately (error terms same as listed for the main model). For 
soil parameters (P, Ca, K, % N, % C), Proc GLM was used to test for the effects of site, 
stand, sterilization, and their interactions, with residual error only (no reps within each 
replicate sample). The following transformations were made to improve normality of 
distributions: P, square root; TotalN, TotalC, log; Ca, K, none. Least Square Means 
(LSMeans) procedure was used to determine significant differences between means for 
all models, and differences were considered significant at  =0.05. For selected PLFA 
data (total PLFA and the relative abundance of 16:1ω5), Proc GLM and LSMeans were 
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used to test for significance of main effects (Site, Stand, Sterilization) but no interactions, 
due to lack of replicates for this analysis. Means and standard error for all data were 
calculated using the Means and Standard Deviation procedure in JMP 9.0 (SAS 
Institute, Cary, NC). Linear regressions of MC and plant biomass were run in JMP 9.0. 
Results 
Differences in Soil Parameters & Effect of Steam Sterilization 
 Site significantly affected all soil parameters (Table 4.2). Crooked Creek had 
significantly higher %C and K, and significantly lower P compared to soils from the 
other two sites (Table 4.3). Spindletop soils had the highest P, with approx 4.5x the 
amount in Indiana soils, and 14x the amount in Crooked Creek soils. Percent C was 
significantly lower for Indiana soils than the other two sites (Table 4.3). Stand had a 
significant effect for all soil parameters except K (Table 4.2). Carbon concentrations 
were significantly different across all three stand types (forest > E- > E+)(Table 4.3).  
While the site*stand interaction was not significant for %C, it was apparent that the 
differences between forest and fescue soils were consistent across all three sites, but the 
E- vs. E+ difference was primarily driven by differences observed between these two 
stand types at Crooked Creek (Table 4.3). There were no significant effects of site or 
stand on Total PLFA biomass or relative abundance of the AMF lipid biomarker 16:1ω5 
(data not shown).  
The Site*Stand interaction was significant for %N, P, and Ca (Table 4.2). For %N, 
E+ and E- soils had similar soil N levels at Indiana and Spindletop, lower than forest 
soils; however, at Crooked Creek, E- soils had higher %N than E+, more comparable to 
the forested soil at this site (Table 4.3). Indiana and Spindletop soils also showed the 
same pattern for P, with higher levels in the forest stand samples compared to the 
fescues and both E+ and E- fescue stands being similar; however, the soils from 
Crooked Creek were statistically similar with regard to P levels (Table 4.3).  Calcium 
concentrations in forest soils at Indiana were ~2x that measured in either the E+ or E- 
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fescue stands; however, at Crooked Creek, the E- tall fescue soil had more Ca than the 
other two stand types, and at Spindletop, differences in Ca concentrations across stand 
types were more subtle but tended to be forest > E- > E+.  
Sterilization significantly increased P (102.74 +14.65 mg/kg vs. 71.27+12.43 
mg/kg for sterilized and non-sterilized soil, respectively) equally across all stands and 
sites (data not shown), but affected no other soil nutrient parameters. For the set of 
samples chosen (E- from Spindletop), sterilization significantly decreased both total 
PLFA (p=0.043; 70.39+7.92 nmol PLFA g-1 dry soil vs. 95.21+8.87nmol PLFA g-1 dry soil, 
sterilized vs. non-sterilized, respectively) and the relative abundance of 16:1ω5 
(p=0.0007; 3.03+0.19% sterilized vs. 5.14+0.27% non-sterilized).  
Biomass 
 There was a significant main effect of site on biomass of all species when 
analyzed together (Table 4.4), with Crooked Creek having, on average, lower biomass 
than the other two sites (Fig. 4.4a). Stand did not significantly affect all species 
combined, but did affect Chamaecrista and Panicum when analyzed independently 
(Table 4.5). The site*stand interaction was significant for all species combined (Table 
4.4) and for all species alone except for Schizachyrium (Table 4.5). For all species 
combined, seedling biomass did not differ significantly between stands at Indiana; 
however, for Crooked Creek, seedlings had the highest biomass in the E+ soils, while 
for Spindletop, biomass was significantly different between all stands, and was lowest 
in E+ soils and highest in soil from the forest stand (Fig. 4.4a). Although when run by 
site for Chamaecrista, the stand effect was not significant (Fig. 4.5a-c), the full model for 
this species (Table 4.5) suggests that it was, with FO biomass being lower than E+ or E-. 
On an individual species basis in non-sterile soils only, Chamaecrista had similar 
biomass trends across stands at Indiana and Spindletop (E- > E+ > FO), but at Crooked 
Creek, E+ soils supported more seedling biomass than either E- or FO (Fig. 4.5a-c).  For 
Echinacea, seedling biomass did not differ dramatically between stand types at Indiana 
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or Crooked Creek, but at Spindletop FO > E+ (non-sterile soils only, Fig. 4.6a-c). 
Panicum seedlings had higher biomass in forested stands compared to fescue soils for all 
three sites, being significant for Crooked Creek and Spindletop (non-sterile soils only, 
Fig. 4.7a-c).  The main site effect for Schizachyrium reflected lower biomass in soils from 
Crooked Creek compared to the other two sites. Indiana soils supported the highest 
biomass for Schizachyrium, regardless of the stand type, as neither stand type nor the 
stand*site interaction was significant for this species (non-sterile soils only, Fig. 4.8a-c).  
Biomass was significantly affected by sterilization (Table 4.4), but the effect 
varied among species. For the three non-N fixing species, biomass was significantly 
higher in sterilized soils, but for Chamaecrista it was significantly lower in sterilized soil 
compared to non-sterilized (Fig. 4.9a). The stand*sterilization interaction was significant 
for biomass of all species combined (Table 4.4), and for Chamaecrista and Echinacea alone 
(Table 4.5). The site*sterilization interaction was significant for biomass of all species 
combined (Table 4.4), and all species alone except Schizachyrium (Table 4.5). Differences 
in biomass between sterilized and non-sterilized soils were less pronounced for Indiana 
compared to Crooked Creek and Spindletop soils (Fig. 4.9b). Within Indiana and 
Spindletop, the effect of sterilization on biomass was greatest in the forest stand soils. 
Seedlings from the fescue soils at Spindletop had significantly lower biomass in the 
non-sterilized soil compared to the sterilized soils, but biomass was not different 
between sterilized and non-sterilized for fescue soils from Indiana (Fig 4.9b). 
The multiple significant interaction terms of site, stand, species, and sterilization 
on the biomass dataset make interpretation complex.  Therefore, I decided to run Proc 
GLM on biomass for each species alone by site to further evaluate the main effects of 
stand, sterilization, and the interaction of these two main effects.  Using this approach, 
for Chamaecrista, biomass was significantly affected by sterilization only at all sites, in all 
cases being significantly greater for non-sterilized compared to sterilized soils (Fig. 4.5a-
c). The stand*sterilization and site*sterilization interactions detected in the full statistical 
model for this species (Table 4.5) are apparent in the by site data as differences in 
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biomass across stand types varies by sterilization treatment in site-specific ways (Fig. 
4.5a-c).   
Stand, sterilization, and the interaction were significant for Echinacea biomass at 
IN and CC, but at ST the interaction was not significant (Fig. 4.6a-c). In the non-
sterilized soils, E+ had significantly higher biomass than forest soil from CC (Fig. 4.6b), 
but for ST soils, biomass from E+ soil was significantly lower than the forest soil (Fig. 
4.6c). Patterns in biomass were similar at IN and ST, with the sterilized forest soils 
having higher biomass than either of the sterilized fescues (Fig. 4.6a,c), but this was not 
the case at CC (Fig. 4.6b). There the E- sterilized soils had higher biomass than either of 
the other stands. Differences in biomass between sterilized and non-sterilized were less 
obvious for Crooked Creek soils (Fig. 4.6b) compared to the other two sites (Fig. 4.6a,c). 
Biomass of this species in non-sterilized soil was generally low, and varied less between 
stand types and across sites than in the sterilized soil (Fig. 4.7a-c).  
Panicum biomass from Indiana soils was only significantly affected by 
sterilization (Fig. 4.7a), while stand and the interaction with sterilization was significant 
at the other two sites (Fig. 4.7b,c). Panicum had the greatest response in biomass to 
sterilization of all the species, growing nearly 3.5x larger in sterilized soil (Fig. 4.9a). 
This increase in biomass following sterilization appeared to be greater for Spindletop 
(Fig. 4.7c) compared to IN (Fig. 4.7a) or CC (Fig. 4.7b). Of the sterilized soils, those from 
Spindletop exhibited the only significant differences between stand, with forest>E->E+ 
(Fig. 4.7c). In non-sterilized soils from both CC and ST, the forested soils supported 
significantly higher biomass than the fescue soils (Fig. 4.7b,c).  
Within each site, Schizachyrium biomass was affected only by sterilization (Fig. 
4.8a-c) (1.8x greater for sterilized than non-sterilized soil). Like Echinacea, differences in 
biomass of Schizachyrium seedlings between sterilized and non-sterilized soils appeared 
to be less dramatic in CC soils (Fig. 4.8b) compared to soils from the other two sites (Fig. 
4.8a,c).   
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Mycorrhizal Colonization 
 Plant species significantly (Table 4.4) affected root mycorrhizal colonization 
(MC), with Panicum having the highest (38.02+1.24% of roots colonized when averaged 
across site, stand, and sterilization treatments), Schizachyrium the lowest (11.72+0.88%), 
and Echinacea intermediate (33.92+1.59%) (all were significantly different from each 
other). Site had a significant effect on MC for all species combined (Table 4.4), and for 
each species individually (Table 4.6). For all species combined and averaged across 
sterilization treatment, seedlings grown in Crooked Creek soil had the highest MC, 
Spindletop soil had the lowest MC, and Indiana soil was intermediate (all were 
significantly different) (Fig. 4.4b), although this effect was most pronounced in the 
fescue soils. Stand had a significant effect on MC for all species individually (Table 4.6) 
and combined (Table 4.4). In all cases, seedlings from the forest stand soils had 
significantly lower MC than either of the fescue soils, and MC from E+ and E- soils 
never significantly differed (Fig 4.4b). When analyzed by site for each of the species, 
MC very rarely differed between E+ and E- stand soils, and when it did (Fig. 4.6d, Fig. 
4.8e) biomass did not differ for the same soils (Fig. 4.6a, Fig. 4.8b). Sterilization 
significantly reduced MC for all species individually (Table 4.6) and combined (Table 
4.4). Sterilization reduced MC to the lowest levels in Schizachyrium (Fig. 4.8d-f) at only 
1% of roots being colonized, compared to 8% root colonization for Echinacea (Fig. 4.6d-f) 
and 24% for Panicum (Fig. 4.7d-f) grown in sterilized soils.  
 As with biomass, because species and its interactions with site, stand, and 
sterilization significantly affected MC in a number of cases, I ran Proc GLM for MC of 
each species separately by site for the effects of stand, sterilization, and the interaction. 
For Echinacea both stand and sterilization and their interaction had significant effects 
within all sites (Fig. 4.6d-f). For non-sterile soils, MC of seedlings from the forest stand 
soils was lower than the fescue soils at all sites. However, with sterilization, this stand 
trend disappeared.  For sterile soils from CC and ST, there were no significant 
differences for MC between stand types (Fig. 4.6e,f) but for sterile IN soils, the E- stand 
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resulted in significantly higher MC than E+ or forest (Fig. 4.6d). Panicum MC was 
affected only by sterilization at Indiana and Spindletop, but in Crooked Creek soils, 
stand was significant as well (Fig. 4.7d-f). The reduction in MC for Panicum in sterilized 
soils was less for CC (Fig. 4.7e) than the other two sites for this species (Fig. 4.7d,f). MC 
of Schizachyrium in IN soils was affected by stand and sterilization but not their 
interaction (Fig. 4.8d), being significantly lower in forested compared to fescue stands 
regardless of sterilization treatment. For non-sterile soils from CC, MC of Schizachyrium 
was significantly greater for seedlings from E- compared to E+ or the forest stand (Fig. 
4.8e), but sterilization removed this stand effect.  For ST soils, there was no difference 
between E+ and E- (Fig. 4.8f) stands in either sterilization treatment.  
 Statistical tests of arbuscule and vesicle abundance in my data revealed the same 
general patterns as overall mycorrhizal colonization (data not shown). Vesicle 
abundance was significantly affected by stand (p=0.0109), with fewer observed in 
forested compared to fescue soils (E+ and E- were not different from one another). 
Arbuscule abundance was not affected by stand, and was overall much lower than 
vesicle abundance (64 total out of 29,400 views, compared to 804 vesicles). 
Relationship Between Mycorrhizal Colonization & Biomass 
A regression performed on data from all species (the three for which MC was 
measured), sites, stands, and sterilization treatments indicated that mycorrhizal 
colonization was significantly correlated with plant biomass (p<0.0001, R2=0.03, 
F=33.68).  However, this relationship, while significant, was quite weak (low R2) and 
was opposite that expected- biomass was negatively correlated with MC. When linear 
regressions were done for biomass and MC of non-sterilized and sterilized soils 
separately, the two were not significantly correlated for non-sterilized soils (p=0.24, 
R2=0.003, F=1.41), but were significant for sterilized soils (p<0.0001, R2=0.16, F=91.84). 
When compared to the R2 for the whole data set, the higher R2 for the sterilized soils, 
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and the lower R2 for the non-sterilized soils indicates the significant negative 
relationship of biomass and MC is being driven largely by the sterilized soils. 
I performed linear regressions of biomass and MC for each species to see if the 
significant negative relationship seen for all species held true across species or was 
being driven by certain species. The relationship was significant for all species 
(p<0.0001) and remained negative in all cases, but differed in its strength (R2) between 
species. For Echinacea the regression explained 22.7% of the variance in the data, for 
Panicum it explained 29.7% of the variance in the data, and for Schizachyrium less than 
1% of the variance was explained. Thus when looked at by species, Echinacea and 
Panicum appear to be primarily responsible for the significant negative relationship of 
biomass and mycorrhizal colonization, more so than Schizachyrium. This is not 
surprising given that Schizachyrium exhibited significantly lower mycorrhizal 
colonization compared to the other two species, apparently not forming associations as 
readily as Echinacea and Panicum.   
Discussion 
Did Mycorrhizal Colonization Differ Between the Stand Types or Soil Fertility?  
I hypothesized that mycorrhizal colonization would be lowest in forest stand 
soils because forest soils tend to have fungal communities dominated by 
ectomycorrhizae (as opposed to endomycorrhizae), and I was testing for colonization 
by endomycorrhizae (AMF). I also predicted that MC would be higher in E- compared 
to E+ soils because prior work has suggested Neotyphodium presence in tall fescue plants 
reduces mycorrhizal spores and abundance in associated soils. In my experiment, I did 
measure significantly lower MC in forest stand soils compared to fescue soils across all 
three sites.  However,  there was no consistent difference for MC in seedlings grown in 
E+ and E- soils, regardless of whether soil had been sterilized or not. In the only two 
situations where differences in MC between E+ and E- were present in my study 
(Echinacea, IN, sterile and Schizachyrium, CC, non-sterile), MC was higher for E- 
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compared to E+ soils, which does correspond to my initial hypothesis on this topic; 
however, these differences were rare (observed in only two out of nine possible cases), 
and when present did not correspond with higher biomass of seedlings grown in E- vs. 
E+ soil. Although soil replicates for the initial soil microbial characterization effort were 
low (I only had a single composite sample from each site*stand combination), I did not 
observe significant differences in 16:1ω5, a common AMF biomarker, across stand 
types. Replicate samples within each site*stand combination may have clarified 
whether the AMF lipid biomarker varied initially by stand, as was observed in the MC 
data at the end of the experiment (FO<E+/E-). The few instances where MC differed 
between E+ and E- stands were surprising, given that other studies (Chu-Chou et al. 
1992; Mack & Rudgers 2008; Antunes et al. 2008; Rudgers & Orr 2009) have suggested 
an allelopathic effect of E+ tall fescue on AMF.  
Chu-Chou et al. (1992) measured reduced AMF spore densities in field soil 
beneath E+ compared to E- tall fescue stands, and Mack and Rudgers (2008) found AMF 
colonization of E+ fescue plants was reduced compared to E- plants. Rudgers and Orr 
(2009) did not directly measure AMF abundance or colonization, but they saw 
depressed growth of some native tree seedlings under non-sterilized E+ soil compared 
to E-, which they attribute to alteration of soil microbial communities, and likely AMF. 
Antunes et al. (2008) observed a reduction in arbuscules and an increase in vesicles for 
plants watered through E+ litter compared to E-, but the total percentage colonization 
was not that different and was not statistically analyzed. I did not observe a significant 
difference in arbuscules or vesicles between E+ and E- soils in my study. It may be that 
E+ fescue suppresses certain AMF species not present or overly abundant in my study.  
My results suggest that within the context of grassland restoration and for the plant 
species I studied, endophyte presence within the tall fescue community did not have 
consistent, strong negative impacts on the degree of mycorrhizal associations formed.  
Soil fertility, and in particular P, varied between stands and sites. Given the 
importance of P in AMF abundance and colonization, I had hypothesized that MC 
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would be highest in the lowest P soils, and lowest in the highest P soils. This prediction 
was verified: Crooked Creek had the lowest P and highest MC of the sites, and 
Spindletop had the highest P and lowest MC. P was significantly greater in forest stand 
soils compared to fescue soils, and MC was significantly lower in the forest compared 
to fescue soils.  
Increased P following steam sterilization has been measured in other studies 
(Seeling & Jungk 1996; Schmidt et al. 1997), as has an increase in plant biomass in 
response to this pulse of available P and/or N (Jakobsen & Anderson 1982; Meredith & 
Anderson 1992), and both of these effects were observed in my study. The effect of 
sterilization on MC (a decrease) was less for CC than the other two sites, which may 
reflect the low P of this site.  Although sterilization increased P in the soil of this site, P 
concentrations were still much lower in these CC soils compared to the other two sites.  
Therefore, the seedlings in CC sterilized soils may have been forming associations more 
readily than at the other two sites in a continued effort to acquire adequate P.  On the 
other hand, site and stand differences in MC cannot be entirely linked to P availability, 
as AMF abundance may have been lower in the forest stand soils to begin with 
(although not detected by lipid biomarker in our limited PLFA dataset). Furthermore, 
the effect of sterilization on P levels was equal across all soils, but differences in MC 
between sterilized (higher P) and non-sterilized (lower P) soils varied between stands 
within sites and by species, indicating factors other than P availability influenced MC.  
Were Microbial Symbionts Beneficial to Seedlings as Reflected by Biomass? 
I hypothesized that microbial symbionts would be beneficial to seedlings, 
resulting in higher biomass in non-sterilized soils compared to sterilized, as prior 
research has shown all species (or genera) used in this experiment form and seem to 
benefit from AMF associations (Echinacea: Wilson & Harnett 1998; Lata et al. 2003; 
Araim et al. 2009, Panicum: Brejda et al. 1998; Johnson 1998; Ghimire et al. 2009, 
Schizachyrium: Burrows & Pfleger 2002), and association with AMF is considered 
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important for growth of many plants in grassland ecosystems (Anderson et al. 1984; 
Miller 1987; Wilson & Harnett 1998). This response might also be reflected by a positive 
correlation of biomass and MC across the species. These hypotheses were not supported 
by my study- the only species in which biomass was higher in non-sterilized soils was 
for the N-fixer Chamaecrista. For this species, the benefit of symbiosis with soil microbes, 
and in particular N-fixing rhizobia (evident by nodules on harvested roots, more 
flowers, and darker green color compared to plants grown in sterilized soils), 
apparently outweighed any benefit in growth associated with the increased pulse of P 
resulting from sterilization. In non-sterile soil, Chamaecrista had lower biomass in FO 
compared to fescue soils, where presumably rhizobia are less abundant (Nüsslein & 
Tiedje 1999). The other three plant species had lower biomass in non-sterilized 
compared to sterilized soils.  This unexpected response may indicate that these species 
were apparently not benefiting from microbial symbionts in non-sterilized conditions, 
and/or possibly experiencing a negative effect from other soil microorganisms (pests 
and/or pathogens) present in the non-sterilized soils, and/or experienced stimulated 
plant biomass due to the increased P resulting from soil sterilization (having nothing to 
do with soil microbes). Whatever the reason(s), the increase in biomass for these species 
in sterilized soils resulted in a significant negative correlation for biomass and MC for 
all species combined. 
A negative effect of soil microorganisms on growth could include a parasitic 
effect of AMF on the host plant. This has been clearly demonstrated for Schizachyrium 
(Meredith & Anderson 1992; Hartnett & Wilson 1999), but for the other species included 
in this study (or plants from the same families), AMF have mostly been found to be 
beneficial to growth. Other microorganisms (e.g. nematodes, viruses, etc.) may have 
played a role in depressing plant growth in the non-sterilized soils, which could explain 
why some species experienced greater growth release following sterilization. Of the 
three species, Panicum experienced the greatest increase in growth in sterilized 
compared to non-sterilized soils, and the increase appeared to be greatest in the 
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forested stand soils, despite plants from those soils having lower MC compared to the 
fescue stands. This result does not support a parasitic effect of AMF alone, which would 
result in the largest biomass increase for the plants that had the highest MC (in the 
fescue soils). Limits to growth by microorganisms present in the non-sterilized soils 
could easily be expected to vary between different site and stand soils, and to affect 
plant species differently.  This possible explanation for the sterilized vs. non-sterilized 
soil effect on biomass may better explain the observed variability than increasing P 
availability alone. Given multiple possibilities explaining the sterilization effect on 
biomass, I am unable to conclude whether a negative impact of soil microorganisms or 
lower P are responsible for the lower biomass in non-sterilized soils, but it seems likely 
that both may have played a role.  
Additional evidence for a lack of AMF symbiosis benefit to plant biomass comes 
from the linear regressions run for non-sterilized soils only: biomass and MC were not 
significantly correlated. When analyzed for each of the three species alone, the 
relationship remained significant and negative in all cases. In this study, association 
with AMF did not appear important for plant growth in any of the three species 
examined for MC, at least not within the first two months of growth. It could be that I 
harvested plants during an initial “transient depression” (Koide 1985), when the effects 
of AMF were largely parasitic, but had I given the seedlings a longer period of time to 
grow, the associations would have become beneficial. Other greenhouse studies have 
used a longer growth period (ie. ~3 mos. Meredith & Anderson 1992; Brejda et al. 1993; 
Brejda et al. 1998; Lata et al. 2003; Vatovec et al. 2005; Araim et al. 2009, 4 mos. Wilson & 
Harnett 1998; Klironomos 2003, 5 mos. Pringle & Bever 2008; Wilson et al. 2001), but 
two months has been a long enough period to result in enhanced biomass attributed to 
MC in at least some cases (Koide et al. 2000; Ghimire et al. 2009). Previous research 
indicating differences in growth resulting from AMF associations within the time 
period of this study and with the same plant species point to something other than 
harvest during a period when AMF were parasitic on these species as driving the 
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observed response. Given that abundance of and/or association with AMF varies 
depending on abiotic conditions such as soil nutrients (Anderson et al. 1984; Anderson 
et al. 1994; Eom et al. 1999; Gai et al. 2009; Hoeksema et al. 2010; Johnson et al. 2010) and 
soil moisture (Anderson et al. 1984; Jones & Smith 2004), it may be that the growing 
conditions in this study were such that AMF associations were not necessary or 
favorable to growth. It is possible that even though associations formed, they did not 
enhance host plants because beneficial exchange of nutrients and water between AMF 
and the host plant (Harley & Smith 1983) may have been at low rates due to favorable 
abiotic conditions (soil fertility and/or moisture). Hetrick et al. (1990) manipulated soil 
P levels and examined MC of grasses, and saw low levels of MC persisting even when 
association did not have an effect on growth (when P levels were high). Despite the 
wide range of P levels we measured between different stands and sites, we never 
observed a positive effect of MC on biomass, even in the lowest P soils.  
How did Mycorrhizal Colonization Differ Between the Species? 
I had predicted that there would be differences in the level of MC between the 
species, reflective of their reliance on AMF. Of the three species, previous studies have 
found Schizachyrium associations may result in no response (Landis et al. 2005), positive 
growth (Burrows & Pfleger 2002), or negative growth (Meredith & Anderson 1992; 
Hartnett & Wilson 1999). Anderson (2008) found no differences in MC of this species 
between grasslands restored two and twelve years prior to the study, and no correlation 
for biomass and MC or link to P levels. Gustafson and Casper (2004) looked at 
Schizachyrium, Andropogon gerardii, and Sorghastrum nutans grown in different soils and 
with different nutrient levels, and found no difference in growth for Schizachyrium, as 
with the other two species. Bingham and Biondini (2009) on the other hand, observed 
positive correlation of hyphal length and plant biomass for this species, and they lump 
it in with Panicum virgatum, Andropogon gerardii, and Sorghastrum nutans as an 
obligatory mycorrhizal species. In my study, Schizachyrium formed the lowest levels of 
MC for the three species. In sterilized soils, MC for this species was nearly zero, but 
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plants still established well despite no association with mycorrhizae. This species has 
also exhibited the ability to effectively establish early in restorations compared to other 
native grasses (Washburn et al. 2000). Given that this species is the dominant grass in 
current day native grassland ecosystems within Kentucky and the region (Chester et al. 
1997; Jones 2005) and that it does not seem to be dependent on AMF, which can be 
limited in abundance in disturbed soils (Li et al. 2007), Schizachyrium may be a good 
species to use during early restoration or renovation of native grassland in many 
different soil types. 
Evidence of mycorrhizal dependence for Panicum is more consistent and well 
established than for Schizachyrium. Clear positive growth responses of Panicum 
following association with AMF have been documented (Brejda et al. 1998; Johnson 
1998; Ghimire et al. 2009), with only one case of a neutral response (Hartnett et al. 1994) 
(and none negative). In my study, Panicum had significantly higher MC compared to 
the other species, and MC was high even in the sterilized soils. This seems to indicate a 
reliance of this species on AMF, and for reasons other than P, given that sterilized soils 
(and soils from ST) had higher P but associations were still formed. It is therefore 
surprising that this species, like the others in this study, exhibited a negative 
relationship between MC and plant biomass. Unlike Schizachyrium, Panicum is rarely 
observed in restorations in Kentucky without purposeful seeding, and even when 
planted, does not establish as well as Schizachyrium (Washburn et al. 2000), which may 
in part, be due to its reliance on AMF, if AMF abundance is low in the initial soils.   
Echinacea spp. has been shown to respond positively in growth to AMF (Wilson 
& Hartnett 1998; Araim et al. 2009; Lata et al. 2003), with no cases of negative growth. In 
my study, Echinacea had MC that was intermediate of the two grass species. This was 
true in both sterilized and non-sterilized soils. Mycorrhizal colonization was fairly 
consistent across sites, despite large variability in soil fertility. MC in this species is 
apparently independent of soil P. Biomass for Echinacea seedlings was not positively 
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correlated with MC, so as with both of the other species, although associations formed 
in these seedlings they did not enhance growth. 
Mycorrhizal fungi are clearly an important and complex component of the soil 
microbial community (Lekberg & Koide 2005; Johnson et al. 2010; Klironomos et al. 
2011) that can have strong effects on the plant community (van der Heijden et al. 1998; 
Brundrett 2002). As with other microbial symbionts (e.g. fungal endophytes), the 
influence that they have on host plants may depend not only on fungal species (Bennett 
& Bever 2007; Maherali & Klironomos 2007), but also fungal strain (Clark et al. 1999; 
Clark 2002) and host plant cultivar/genotype (Koslowsky & Boerner 1989; Brejda et al. 
1998; Cavender & Knee 2006). My study did not explore any of these possible effects. 
Many studies use fungal inoculants of a single or a handful of AMF species (e.g. 
Anderson et al. 1994; Lata et al. 2003; Araim et al. 2009; Liu et al. 2011) which may 
represent a fungus/fungi selected specifically for its/their likelihood to demonstrate a 
positive growth response in the host plants chosen. The use of sterile growth medium 
supplied with specific inoculants removes the influence of other microorganisms 
(including those that may act as pests or pathogens) that may be important in soils. My 
approach in this study treated the soil microbial community as a “black box,” using soil 
that had either all (non-sterilized) or none (sterilized) of the soil microbial communities 
present. This approach seems most useful in the context of restoration, as the 
purposeful sterilization and subsequent addition of a specific inoculum across large 
areas is impractical, but it does not allow for detection of effects from specific 
microorganisms, interactions between microorganisms, or plant-microorganism 
interactions. Thus, I am unable to say exactly why I did not observe a positive biomass 
response to AMF in this study, but in addition to the abiotic factors discussed earlier, 
these biotic factors could explain these differences in my results compared to others.    
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Conclusions 
There were no consistent, significant differences in mycorrhizal colonization for 
the three species examined when grown from soil beneath E+ and E- tall fescue, nor 
was biomass depressed in these plant species between these two stand types. These 
results indicate that the presence of an aboveground fungal endophyte within the tall 
fescue community does not suppress AMF or appear to produce other allelopathic 
effects on the seedlings of the native grassland species utilized in this study. My results 
indicate that fungal endophyte presence/abundance in tall fescue pastures slated for 
restoration/renovation is unlikely to be a major factor in dictating the success of these 
efforts. There was evidence for the influence of site and stand type trends in soil P on 
mycorrhizal colonization and growth in this study; however there was also evidence 
that other microorganisms (pests/pathogens) played a role in determining seedling 
biomass, given the dramatic but variable increase in growth for three of the four species 
in sterilized soils across sites and stand types. Finally, differences in mycorrhizal 
colonization varied among species, but none exhibited the predicted positive 
relationship with biomass. Instead the opposite was observed. Schizachyrium grew 
relatively well in this study, despite extremely low mycorrhizal colonization in 
sterilized soils, and it also grew well in non-sterilized soils, indicating this species does 
not rely on AMF and/or may tolerate microbial pests/pathogens that negatively 
impacted the growth of the other species. These results suggest this species may be a 
good choice for grassland restoration, when the abundance of AMF and other soil 
microorganisms is unknown.  
  
81 
 
Tables 
Table 4.1. Tall fescue percent cover and endophyte infection frequencies (given in 
parentheses) where replicate soil samples (A-D) were collected from each site. Percent 
cover was averaged for the two 0.25 x 0.25m quadrats per replicate and endophyte 
infection frequencies were from the composited fescue tillers sampled per replicate (6 
from each quadrat). 
  Indiana Crooked Creek Spindletop 
Sample E+ E- E+ E- E+ E- 
A 91.5(100) 65(27) 75(100) 75(0) 96.5(100) 80(0) 
B 91(100) 80(0) 74(75) 40(0) 99(100) 93.5(0) 
C 95(91.7) 77.5(0) 86(91.7) 64(0) 97.5(91.7) 99(0) 
D 98(91.7) 94(0) 97.5(100) 59(0) 98(69.2) 97.5(0) 
 
Table 4.2. P-values for the main effects of site, stand, and their interaction on soil 
parameters for non-sterilized soils used in greenhouse experiment. NS indicates p-
values >0.05. 
  
Total N 
(%) 
Total C 
(%) 
P 
(mg/kg) 
K 
(mg/kg) 
Ca 
(mg/kg) 
Site 0.0128 0.0002 <.0001 <.0001 0.0029 
Stand <.0001 <.0001 0.0172 NS 0.0023 
Site*Stand 0.0327 NS 0.0195 NS 0.0006 
 
 
 
 
 
Table 4.3. Means (+1 SE) for soil parameters between stands within sites, across all sites, and across all stands (non-
sterilized only). Lowercase letters represent LS Means differences for the main site effect in “Site Average” panel, the 
main stand effect in the “Stand Average” panel, and the Site*Stand effect when significant in panels “IN”, “CC”, and 
“ST”. Uppercase letters represent LS Means differences between stands within a site when the Site*Stand effect was not 
significant.  
    IN     CC     ST   Site Average Stand Average 
  E+ E- FO E+ E- FO E+ E- FO IN CC ST E+ E- FO 
Total N 
(%) 
0.16d 0.19cd 0.36ab 0.19cd 0.30b 0.36ab 0.19cd 0.21c 0.44a 0.24b 0.29a 0.28a 0.18c 0.23b 0.39a 
(+0.02) (+0.03) (+0.03) (+0.03) (+0.03) (+0.04) (+0.00) (+0.01) (+0.01) (+0.03) (+0.03) (+0.04) (+0.01) (+0.02) (+0.02) 
Total C 
(%) 
1.41B 1.72B 4.18A 1.95C 3.17B 5.14A 1.76B 1.9B 4.97A 2.50c 3.55a 2.87b 1.68c 2.31b 4.76a 
(+0.16) (+0.28) (+0.34) (+0.24) (+0.26) (+0.58) (+0.03) (+0.10) (+0.17) (+0.43) (+0.46) (+0.45) (+0.10) (+0.23) (+0.24) 
P 
(mg/kg) 
21.25de 28.18cd 55.38c 19.0de 8.63e 7.88e 125.00b 144.00b 208.25a 35.55b 11.18c 159.08a 58.36b 63.18b 90.50a 
(+6.44) (+10.37) (+15.68) (+4.51) (+1.42) (+0.85) (+11.55) (+13.98) (+8.16) (+7.78) (+1.93) (+12.30) (+16.55) (+20.16) (+26.32) 
K 
(mg/kg) 
172.13A 164.00A 166.38A 246.82A 250.13A 214.88A 101.00A 116.13A 158.25A 167.82b 236.41a 125.13c 166.64a 177.91a 179.83a 
(+26.09) (+42.65) (+23.08) (+50.76) (+6.96) (+11.20) (+11.23) (+27.97) (+17.35) (+15.26) (+13.65) (+12.78) (+23.7) (+22.88) (+12.0) 
Ca 
(mg/kg) 
1629.38e 1905.83cde 3824.38a 1903.50cde 2646.25cd 1608.38e 2607.00c 2781.75bc 3626.38ab 2503.0b 2066.3b 3005.0a 2059.b 2493.6b 3019.7a 
(+254.8) (+323.55) (+328.42) (+519.2) (+359.6) (+355.5) (+151.3) (+203.3) (+230.0) (+354.3) (+251.3) (+169.3) (+206.3) (+193.9) (+342.4) 
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Table 4.4. P-values for effects of site, species, stand, sterilization, and all interactions on 
biomass and mycorrhizal colonization (MC). NS indicates p-values >0.05. 
  Biomass MC 
Site <0.0001 <0.0001 
Species <0.0001 <0.0001 
Site*Species <0.0001 <0.0001 
Stand NS <0.0001 
Site*Stand 0.0009 NS 
Stand*Species <0.0001 NS 
Site*Stand*Species NS NS 
Sterilization <0.0001 <0.0001 
Site*Sterilization <0.0001 NS 
Species*Sterilization <0.0001 <0.0001 
Site*Species*Sterilization 0.0009 <0.0001 
Stand*Sterilization 0.0001 <0.0001 
Site*Stand*Sterilization <0.0001 NS 
Stand*Species*Sterilization <0.0001 0.0127 
Site*Stand*Species*Sterilization NS NS 
  
Table 4.5. P-values for effects of site, stand, and sterilization treatments and their 
interactions on total biomass of seedlings by species. NS indicates p-values >0.05. 
  Chamaecrista Echinacea Panicum Schizachyrium 
Site 0.0263 0.0121 0.0005 0.0024 
Stand 0.0147 NS <0.0001 NS 
Sterilization <0.0001 <0.0001 <0.0001 <0.0001 
Site*Stand 0.0036 0.0003 0.0006 NS 
Stand*Sterilization <0.0001 0.0377 NS NS 
Site*Sterilization 0.0147 <0.0001 <0.0001 NS 
Site*Stand*Sterilization NS 0.0013 0.0115 NS 
  
  
84 
 
 
Table 4.6. P-values for effects of site, stand, and sterilization treatments and their 
interactions on mycorrhizal colonization of seedlings by species. NS indicates p-values 
>0.05. 
  Echinacea Panicum Schizachyrium 
Site 0.0440 0.0003 0.0278 
Stand <0.0001 <0.0001 0.0166 
Sterilization <0.0001 <0.0001 <0.0001 
Site*Stand NS <0.0001 NS 
Stand*Sterilization <0.0001 NS <0.0001 
Site*Sterilization NS 0.0006 0.0294 
Site*Stand*Sterilization NS NS NS 
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Figure 4.1. Schematic of experimental design. Thick lines separate each whole plot 
treatment or site*stand combination. Dotted lines separate the four replicate samples 
taken within each site*stand treatment. The shaded half of each of these represents the 
steam sterilization treatment. The bottom half of the figure depicts seeds planted into 
each site*stand*sample*sterilization soil (five replicates of each of four species). 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.2. Aerial view of the three sites where soil was collected for this study: Indiana (a), Crooked Creek State 
Nature Preserve (b), Spindletop Research Farm (c). Sampling locations for soil from beneath endophyte-free (E-), 
endophyte-infected (E+) and forested (FO) vegetation are indicated. 
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Figure 4.3. Schematic of microscopal slide scoring for mycorrhizal colonization. 
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Figure 4.4. Mean biomass (a) and mycorrhizal colonization (b) of native 
grassland seedlings (four species combined) grown in soil from three different 
stand types (endophyte-infected (E+) and endophyte-free (E-) tall fescue and 
forest (FO)) within each of three sites (Indiana (IN), Crooked Creek (CC), and 
Spindletop (ST)), and averaged across sterilization treatment. Error bars indicate 
one standard error of the mean, and lowercase letters above error bars indicate 
significant differences as determined by LSMeans for the Site*Stand interaction 
when significant. Uppercase letters with dashes indicate significant differences as 
determined by LSMeans for the main Site effect when Site*Stand interaction was 
not significant (Table 4.4). For mycorrhizal colonization (b), stand had a 
significant effect (Table 4.4) such that E+/E->FO.  
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Figure 4.5. Mean biomass for Chamaecrista by sterilization treatment and stand 
within each site. Error bars indicate one standard error of the mean. P-values for 
the effects of stand, sterilization, and the interaction for each panel is presented. 
Uppercase letters indicate LS Means differences for the main sterilization effect. 
 
90 
 
 
Figure 4.6. Mean biomass (a-c) and mycorrhizal colonization (d-f) for Echinacea 
by sterilization treatment and stand within each site. Error bars indicate one 
standard error of the mean. P-values for the effects of stand, sterilization, and the 
interaction for each panel is presented. Lowercase letters indicate LS Means 
differences for stand*sterilization when significant, uppercase letters indicate LS 
Means differences for the main sterilization effect when the interaction was not 
significant. 
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Figure 4.7. Mean biomass (a-c) and mycorrhizal colonization (d-f) for Panicum by 
sterilization treatment and stand within each site. Error bars indicate one 
standard error of the mean. P-values for the effects of stand, sterilization, and the 
interaction for each panel is presented. Lowercase letters indicate LS Means 
differences for stand*sterilization when significant, uppercase letters indicate LS 
Means differences for the main sterilization effect when the interaction was not 
significant. 
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Figure 4.8. Mean biomass (a-c) and mycorrhizal colonization (d-f) for 
Schizachyrium by sterilization treatment and stand within each site. Error bars 
indicate one standard error of the mean. P-values for the effects of stand, 
sterilization, and the interaction for each panel is presented. Lowercase letters 
indicate LS Means differences for stand*sterilization when significant, uppercase 
letters indicate LS Means differences for the main sterilization effect when the 
interaction was not significant. 
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Figure 4.9. Mean biomass by sterilization treatment for each of the four plant 
species (a) and for the four species combined by site and stand (b). Error bars 
indicate one standard error of the mean. Asterisks above bars in indicate 
significant differences (p<0.0001) between means for sterilized and non-sterilized 
soils within a species (a). Lowercase letters indicate LS Means comparisons for 
the site*sterilization effect within a site when significant, and uppercase letters 
indicate the main site effect when site*sterilization was not significant (b).   
Copyright © Sarah Lynn Hall 2011 
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Chapter Five 
Conclusions 
 
Project Summary 
This research found little evidence to support the idea that the tall-fescue 
endophyte symbiosis will impact native, warm season grassland restoration 
success. I found no evidence for E+ plants preferentially surviving restoration 
management in the field (following selective herbicide application and/or 
prescribed burns) or greenhouse (prescribed burns), and little evidence of 
suppression of mycorrhizal fungi in the soil that form symbioses with planted 
native species. My results were surprising, given the widely accepted view that 
N. coenophialum provides fitness benefits in times of stress to those fescue plants 
that have it (Siegel & Bush 1994; Clay & Schardl 2002; Rodriguez et al. 2009). 
However, as scientists continue to conduct research on this topic, it is becoming 
clear that there is considerable complexity in the fungal endophyte-grass 
symbioses, and the abiotic and biotic factors that influence the effects of this 
symbiosis within the host plant (Saikkonen et al. 1998; Faeth & Fagan 2002; Faeth 
& Sullivan 2003). 
Even when the full body of literature on the N. coenophialum-tall fescue 
interaction is examined, it is clear that the results are quite mixed, and when 
significant differences between E+ and E- plants exist, they are often relatively 
subtle or stand in complete contrast to the findings of similar studies. One 
example is the relationship of E+ tall fescue and plant diversity. Keith Clay and 
colleagues (Clay & Holah 1999; Rudgers & Clay 2007; Rudgers et al. 2007; 
Rudgers et al. 2010) have conducted a handful of experiments showing a 
negative relationship of endophyte infection rates of tall fescue on plant 
diversity, but Spyreas et al. (2001) observed a positive relationship of plant 
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diversity and endophyte infection frequency. Anti-herbivory properties 
conferred by N. coenophialum are another area of research in which the results are 
more mixed than often conveyed. Clear negative responses in insect bioassays 
have been demonstrated (Clay et al. 1985; Siegel et al. 1990; Bultman & Bell 2003; 
Salminen et al. 2005), but there is also evidence of either no response (Salminen et 
al. 2005) or positive response (Bultman & Bell 2003). Alkaloid concentration has 
been linked to soil fertility (Lyons et al. 1986; Arechavaleta et al. 1992; Saikkonen 
et al. 1998), drought stress (Arechavaleta et al. 1992), temperature/season 
(Belesky et al. 1988; Salminen et al. 2005), and plant genotype (Hill et al. 1991), all 
of which may play a role in determining whether anti-insect herbivore properties 
are present and their relative strength. Even when endophyte effects are present, 
the question for those interested in the symbiosis from a management standpoint 
would be whether or not there are implications in the field. Some have criticized 
endophyte studies for using insects for bioassays that wouldn‟t normally be 
problematic pests on tall fescue (Faeth & Bultman 2002), questioning the practical 
applications. The same questions could be asked in other cases where significant 
endophyte effects are seen. For example, Pecetti et al. (2008) saw 4.4% higher 
yield in E+ versus E- tall fescue, which was statistically different, but may have 
negligible implications in the field.   
Impacts of the Neotyphodium endophyte on ecosystem processes also are 
unclear. Franzluebbers et al. (1999) first reported higher organic C and N beneath 
E+ tall fescue, but later (Franzluebbers & Stuedemann 2005) found higher C and 
N only for plots that received high levels of fertilization (no difference under low 
fertilization). In a 60-week mesocosm study, Franzluebbers (2006) found no 
differences in the soil C and N fraction due to endophyte presence. Siegrist (2008) 
observed significantly higher soil organic C and N for soils from E+ plots, 
although that difference did vary between the nine sites he looked at. In my 
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study (chapter four), there was a significant effect of stand type on %C and %N, 
but values were higher for E- than E+. 
In my study, where differences were seen in E+ and E- tall fescue (growth 
parameters in chapter three), N. coenophialum seems to be acting more parasitic 
than mutualistic (growth was higher for E- vs. E+ plants). Clay (1990) 
demonstrated pathogenic relationships within plants/fungi very closely related 
to tall fescue, and there are some studies where this apparent physiological drain 
on growth appears when N. coenophialum was present in tall fescue (Cheplick et 
al. 1989; Elbersen & West 1996). As more research is done within the tall fescue-
N. coenophialum system, the influences of various abiotic and biotic factors, as 
well as their interactions seem to be much more the rule than the exception. 
Future Research/Directions 
Results from my first study and observations in the field seem to be 
consistent with trends seen by Rudgers et al. (2007) – E+ stands persist as tall 
fescue monoculture, E- stands rapidly succeed to forest. Research nearby in 
Indiana (Rudgers et al. 2007, 2010) attributed the reduction in woody species in 
E+ plots to increased herbivore pressure by small mammals on woody stems in 
E+ plots (presumably avoiding consumption of E+ fescue plants). Given the lack 
of differences in native plant biomass and root mycorrhizal colonization between 
E+ and E- conditioned soil in my third experiment, and the lack of differences in 
tall fescue growth responses following prescribed burns in the second, it appears 
E+ and E- tall fescue pastures are both fundamentally capable of supporting a 
diverse native grassland following restoration management. In fact, the 
frequency at which E+ tall fescue appears in landscapes in Kentucky (Appendix 
1) could be seen as a blessing for land managers, rather than a curse. High 
incidence of E+ tall fescue may be the reason these areas are kept open and 
dominated by grass species despite infrequent disturbance, as they experience 
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climate and conditions that would otherwise favor rapid succession to forest. 
High endophyte presence likely is providing a long-term reservoir of potential 
grassland restoration sites where we would otherwise see hardwood forest in the 
region.  
The preliminary surveys for endophyte infection frequencies within state 
nature preserves that I have conducted are useful, but corresponding surveys of 
tall fescue cover could clarify if the differences in persistence/succession 
between E+ and E- fields hold true across the landscape. For the seventeen fields 
sampled for endophyte infection frequencies (Appendix 1), I chose fields that 
were grass-dominated and clearly had tall fescue present. To test whether 
endophyte infection and tall fescue cover are correlated, areas dominated not 
only by grasses, but those in a successional state with woody species would also 
need to be included. The timeline for tall fescue‟s intentional spread on the 
landscape (1940‟s-1950‟s), as well as changes in land use marked by pasture 
abandonment over the past decade or so lend themselves well to such a survey. 
Clearly there are limits to such a survey, as knowing the exact land use history 
for every place surveyed might not be possible, but it would certainly provide 
insight into how broadly patterns in tall fescue persistence and endophyte 
infection impact vegetation types persisting in the landscape today.  
From a restoration standpoint, research on the growth response/recovery 
of E+ and E- tall fescue to herbicide applications could be useful. If the majority 
of tall fescue pastures being targeted for restoration are highly endophyte-
infected, it might be helpful to have studies verifying that E+ plants are 
permanently eliminated using herbicides at the label rates currently 
recommended. Although I did not specifically measure this, previous studies 
(Smith 1989; Defelice & Henning 1990) have suggested recovery of E+ plants 
following herbicide applications based on observations in the field. As E+ tall 
fescue pastures persist over longer periods of time, individual plants may 
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establish more robust belowground growth, possibly causing removal with 
herbicides to become more difficult. Herbicide resistance in response to 
endophyte infection has been demonstrated in Italian ryegrass (Vila-Aiub et al. 
2003), and research into whether N. coenophialum confers herbicide resistance in 
tall fescue could also be useful. 
The tall fescue-N. coenophialum symbiosis lends itself as an interesting 
system to study from both basic and applied viewpoints. Clearly, this fungal 
symbiosis can have pronounced effects on host plants under certain 
circumstances, but these effects may depend on a variety of biotic (ie. host plant 
or fungal genotype, soil microbial community) and abiotic (ie. soil fertility, 
texture, temperature, light levels, mowing or other management, etc.) factors. 
Even within the more specific symbiosis of Ky-31 tall fescue and the common 
toxic endophyte, which has been clearly linked with community and ecosystem 
scale effects (Clay & Holah 1999; Franzluebbers et al. 1999; Rudgers et al. 2004; 
Lemons et al. 2005; Siegrist et al. 2010), my research shows negligible differences 
between E+ and E- plants within the restoration context. Ky-31 with the common 
toxic endophyte is the most widespread association (Shelby & Dalrymple 1987) 
within tall fescue‟s eastern U.S. range, and the one most likely targeted for 
restoration. While there are still many interesting questions to be answered, the 
outlook seems promising for those wishing to remove tall fescue from 
abandoned pastures and establish native grassland species, regardless of 
endophyte status. 
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Appendix 1 
 
Endophyte Infection Frequencies of seventeen different tall fescue pastures (given on the x-axis in the graph) being 
restored to native grassland within seven nature preserves (identified on the map with circles of fills matching the 
bars for pastures in each one) in Kentucky. These infection frequencies are based on collection of 20-50 tillers per 
pasture and should be considered preliminary. 
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